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STUDIES Oh TWO-PHASE PLOW AND 
BOILING HEAT TRANSFER IN INCLINED 
TUBES WITH REFERENCE TO SOLAR 
SYSTEMS 


Recently there is an increasing: interest m solar 
energy utilization. Flow boiling, ic encountered in solar 
systems such as water pumping, proccss-s team genera fc loir, power 
generation, refrigeration and air -ooncli t toning . Solar collector 
arrays are generally irppt inclined to maximise the interception 
of solar radiation. Hence for design and operation of these 
soJor systems, an understanding o C two -phase fl ow and o cm oo b j v e 
boil, mg is required. While there arc extensive studios of flow 
hoilmg in vortical and horizontal tubes, there are none m 
inclined tubes. The objective of the present study is bo obtain 
oxpor Lmon bal data on heat transfer coefficients and tv*o- phase 
pressure drops m inclined flow boiling and propose design 
corrola biono „ 


A flow boiling tost loop, consisting of three pre- 
evaporators and one tcst-seobion with an arrangement bo tilt 
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it to any ncgle between 0° and 90° i‘r om bbo hon zontnl, was 
built. Kxpen men ts were carried out using voter ns tlie -fluid 
at atmospheric pressure in the range of mass velocity, quality 
and heat flux that are encountered in solar thermal systems . 

The temperatures around the thick walled copper test section 
and its in] et and outlet bulk fluid temperatures, heat flux 
were monitored using the H.P. data acquisition system to 
clotermLne the bo 1 Ling hoot transfer coefficients. The pressure 
drops across tho pro-evnporn tors and bho bes b-soc tions were 
measured using differentia] manometers employing condensers cDose 
to tho pressure baps. Tho quality profile a] ong the pro -evapora tors 
and tes L-scc tions was dot or id nod from the pros sire e profile 
constructed from bho measured pressure drops. The flow patterns 
of tho mixture coming out from the tos bisection were observed. 

It was found that m bubbly or- intermittent flow tho 
boat transfer coefficient passed through n minimum with increase 
in angle of inclination. In annular flow, it was found that the 
inclination has insignificant effect on heat transfer coefficient. 
The measured hoiking heat transfer coefficients for the vertical 
case wore compared with those estimated using the Chon (1966), 
Bjorgo ct a]. ( unpublished ) and Dcnglor-Addoms (1956) c or rein- 
tions. The Chen correlation gave hotter r^presonta Lion of tho 
vertical flow data than the others. The Chon correlation has boon 
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extended for inclined C] ow h o 1 1 in g « Considering that both S 
and F rune Id one depend on the angle of Dnclmation, the 
functions S and F wore evaluated for 0°, 30.5 °, 46 °, 67*5° 
and 00°, These fnnctDons showed a systematic variation with 
the angle of inclination. The relations for S and F with the 
angle of inclination were pro nosed. The comparison of experi- 
mental data with those estimated from tho extended Chon 
correlation showed that the average and moan dov Lotions -are 
9 . 2 % .and 0.94% respec tive] y. 

Kor comnubing frictional! pressure drop from tho tots] 
pressure drop, void fraction is required. Literature review 
indicates there are no reliable vojd fraction correlations 
for flow boiiing in inclined tubes. Honor tho following 
indirect method was curpH oyod . Tho common} y used void fraction 
correlations for vertical flow wore found to differ considerably 
from oo ch other, Employing these correlations, frictional! 
pressure drop was computed for the vortical flow boiling case 
and was compared with the Bar oozy (1955) correlation. It Is 
found that Donglcr-Addonis ( 1956) correlation gave best results, 
For Lncli’nod flow boiling, tho void fraction estimated from 
l/he Bongler *Addoms corrcLati on was multiplied by the 
correction factor proposed by Boggs and Brill (1973) bo 
account for tho inclination off cot. The frictional pressure 



drops wort computed nncl 11] civ qualitative trends were 

(1 i fsoinvu'cL lb was Pound that thy Bnrocay correlation id ro~ ( t 

1 i , 

prosen b mg mo a L o'f' the (In la within + 50 ;«j error bounds Cor, all 
angles oC inclination, The Loclchart-Martinelli method of co- 
rrelation was al.no attempted . The Cmcti onnl multipliers were 
cor rein bod Ln terms of moan vcloci by, two-phase flow parameter 
and angle of inclination using the multiple exponent regression 
ajiulyn I?;. The data could be fitted with art average and mean 
deviation of 26 „0'X> and -8% res pec ti vely . 

The flow patbernn observed during heat brans for runs 
wore presented and compared with the transition lines suggested 
by Wei stun n and eov/orkers (1979*1901). Most of the data fell m 
lho annul nr and * Jnbormittonb none. It was observed that idle 
annular to intermittent transition is not significantly 

r ‘ 

af fee tod by fche angle of inclination,, 

The proposed heat transfer and pressure drop correlation!) 
can bo used for design of the solar collectors with phase- 
change. However, further work is n’ccdod to obtain flow -pa btem 


specific correlations. 


CHAPTER 1 


Two-phase Plow and Plow "boiling are encountered In a 
variety of fields such as nuclear and thermal power generation, 
desalination, air-conditioning , refrigeration etc, A recent 
a cl d i b l on to these is the solar energy utilisation. Plow boil- 
ing Ls encountered in solar water pumping (Sudhalcar et al„, 
19^0} Kwnnt eb a] , , 1982), solar refrigeration (Excell and 
Tfornsaicoo, 1982; Ahmad, 1982); solar power generation (Lehna, 
1983), and solar process steam generation (Pens tel, 1981). In 
these devices it becomes necessary to keep the solar collec- 
born at an inclination from the horizontal to maximize 
Interception of solar radiation. To design and operate these 
systems, an und or a banding of two-phase flow and flow boiling 
In inclined channels i s required, An understanding of this 
phenomena js also desired in crude oil and natural gas gather- 
ing systems as tho pipes arc inclined many a time. 

In bwo -phase flow, vapor and liquid may distribute in 
a variety of patterns. With change of orientation of the tube, 
tho distribution gets affected. Since heat and momentum 
transfer are known to depend on vapor-liquid distribution m 
the tube, tho inclination can bo an important design parameter. 
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While two-pliase flow and Clow boil jag in the vertical and 
horizontal tubes have been widely studied, the inclined case 
received little attention. In the recent post a lew studies 
were reported on two -phase flow in inclined pipes (Deggs 
and Brill 1973; Spedding and his co-workers, 1977 > 1980, 
1981; Barnea, 1980) but none on flow boiling. There are indi- 
cations in the literature (Chen 1978) that inclined flow boi- 
ling could be different from either vertical or horizontal 
two-phase flow and flow boiling. 

In the present work an experimental study of two -phase 
Clow and flow boiling was earned out with a view to provide 
design data for solar energy devices. It is known that in flow 
boiling a variety of flow patterns arc encountered . To gain 
better understanding it is desirable to study these for each 
of the flow pattern, s. However, such a study demands extensive 
effort. Since this boing the first study m inclined flow boil- 
ing and keeping in mind the immediate objective of providing 
the correlations Cor the design of solar systems, the studies 
wore planned to obtain correlations which aro applicable over 
a wide range rather than for specific patterns, 

A flow boiling test -loop was built, and the experiments 
wore conducted using water as the fluid near atmospheric pre- 
ssure at angles of inclination 0° bo 90° (from the horizontal ) 
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in the range of heat Cline and flow raters that ore generally 
encountered jn collar collectors. 

A "brief review of literature pertinent to two-phase 
flow and flow boiling has been presented m Chapter 2. Chapter 3 
deals with the description of experimental setup and procedure. 
Results and discussion of two-phase pressure drop and boiling 
heat transfer are presented in Chapter 4. Conclusions are 
presented m Chapter 5. The raw data of pressure drop and 
heat transfer coefficients are presented in tabular form m 
Appendicies 0 and B respectively. 
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LIMA TURE RJTT3W 

The two-phase /low ancl boiling heal transfer literature 
is voluminous. There are several books dealing, with various 
aspects of the subject such as Collier (1981 ), Hsu and Graham 
(1976), Buttorwortb e?id Hewitt (1977) to name a few. Since the 
present study is concerned with the saturated flow boiling of 
water in inclined tubes at atmospheric pressure, only a brief 
review of the flow boiling heat transfer and two -phase flow 
literature pertinent to the present study is presented. No 
attempt was made to nresent exhaustive review or all the liberatin' 

2 . 1 HKIAT^ TRA NSEEjR 

Pcnglor and Addoms (1956) were the first to show that thoro 
are two mechanisms of heat transfer in flow boiling? namely 
nucleate boiling and tv; o -phase forced convective bent transfer. 
They measured ] ocol heat transfer coefficients covering bubbly to 
mint flow regimes. The ratio of two-phns o heat transfer co- 
efficient, hgvp, and convoctivc liquid heat transfer coefficient, 
h L , was correlated m terms of (l/X. fcb ); whore is the 
bockhart~Mar t inelli par araotor . 

Guorrior i ancl Tally (1956 ) measured h^p in a natural 
circulation loop for various organic fluids, They have 


[ 
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correlated h Tp ]n terms of (1/X^). Bennett et al. (1959) 
correlated their vertical flow boiling data of water m terms of 
and beat flux, Shroclc and Grossman (1962) and Collier and 
Pulling (1962) correlated their data m terms of (1/X..) and 
boiling number, Bo. 

Prom the incipience of boiling to annular flow there can 
be three zones in flow boiling. In the first zone nucleate 
boil nig dominates and in the second zone both nucleate boiling 
and convective transfer are significant. Gradual suppression of 
nucleatton in this zone leads to the third zone where only- 
forced convective transfer prevails. Using R oh s enow 1 s super- 
position principle (1952), many investigators arrived at 
different correlations of heat transfer in flow boiling. 

Chen ( 1966 ) proposed the following correlation for 
vertical saturated flow boiling heat transfer, 

TP ~ h (j + 2 "' 1 

where hfp p is the local heat transfer cooXCici enfc , h^ is the 
contribution due to convection and h^ is contribution due to 
nucleate boiling. For convective transfer contribution, he 
adopted tho Dit tus-BoeJ ter equation in which properties and 
Reynolds number, Re, associated with two-phase mixtures are 
employed. He showed that 

h« = 0.023 R e°* 8 Pr* 4 k f F 

o x a jp 

whore F is n function of 1/X, , . 

tu 


2*2 



6 


For nucleate boilmg contribution, he modified the Foster-Zuber 
pool boa] mg correlation so as to account for the steep tempe- 
rature gradient along the bubble height encountered m flow 
boiling by introducing a suppression factor, S. Thus for nucleate 
boiling contribution, h N> he obtained 

v 0.79 0.45 rP.49 0.25 

■“•p hf j -r 
* f '" XJ fg 


h 


N 


0,00122 


f Jlf ^f °C y. rpO.24 

rs-.Tnt zrroTir puss 

> /f h rjo . r xr 


z^P 0 * 75 s 

s 


2.5 


S = suppression fac tor ( /AT 
kj,- thermal conductivity of liquid phase 
c pr = specific heat of liquid phase 
/£ = density of liquid phase 
£ c - gravita tional constant 

AP S = change in saturation pressure, determined from A I 
C? - surface tension 
/*£- viscosity of liquid phase 
hfg = latent heat of vaporization 
P = vapor density 

O 

A1' 0 ~ wall superheat (T M ~T ) 

** w s 

AT Se = effective superheat with flow. 


Both the functions F and S were determined from the data of 
water and organio fluids. This is one of the best available 
correlations ( Kandhkar and Thakvr, 1983? and Jallouk, 1974). 


I 
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To account for the effect of Erandtl number, Er Bennett and 
Chen extended the Chen correlation using a modified Reynold’s 
analogy for liquid a with higher Er^ . 

B jorge et ol . (unpublished ) extended the Rohsenow method of 
superposition for correlating the flow boiling heat transfer from 
subcooled to high quality range, for high quality region, where 
annular flow exists, they suggested the boa ling heat flux, Q, 
can be found as 



where ^ is the wall superheat at bho incipience of boiling 

The term mill liplvmg is similar ti Chen's S factor. They 
recommended the evaluation of o c from tho Traviss ot ol. equation 
modified by Hall, from the Mikic -Robs enow correlation, and 
A T 0 from the Bergles and Rohscnow relation, fur the sub cooled 
and low quality regions, they used the Burgles and Rohscnow 
superposi turn method . 

3 12 ‘ 1/2 

, t 2-5 

- 1 J 

They recommended the evaluation of Q c from tho Colburn forced 
convection equation. from the Mik 1c -R oh s enow correlation and 
ANT g ^ from tho relations developed by Bjorgo. These equations 


Q 


,2 

! C 


Q n + Q- 


f AT s,iA 

W /\ m I 

\ * 



are given m To hip 4.1 ♦ On comparing these correlations with 
water data, thov found that their correlation is slightly better 
than Chen's correlation. 

Hugh mark (1982) also emnloyed the superposition of 
nucleate boiling and convective transfer contributions to obtain 
flow boiling heat transfer, tie observed that the nucleate boiling 
contribution can be obtained from Chen's equation by setting 
S =s 0.25. He proposed methods of calculating pressure droios and 
convective heat transfer for annular flow in the cases of vertical 
downward, vortical upward and horizontal flows. He tested the 
models with the experimental data covering wide range of physical 
properties , 

Shah (1976) presented o graphical correlation m terms of 
versus convective number, Co, wLth bon ling number, Bo, 
and 'Proud c number, 15?, as parameters. In this correlation, he 
accounted only nucleate boiling in, low quality region, only 
forced convective transfer in higher quality region and both in 
transition region. The correlation is applicable for both vortical 
and horizontal flow boiling. Considering both nucleate boiling 
and forced convoctivo transfer over tbo entire rango of quality, 
JCandlikar and Thakur (1983) obtained expressions for both vortical 
flow and horizontal flow in torms of parameters used by Shah (1976) 
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Steiner and Schl under (1976) reported data for the 
horizontal saturated flow boiling and pressure drop of nitrogen. 
They observed that flow booling correlations lilce that of Chen, 
Chawla etc. did not represent their data well. They ascribed 
this to the wettability and drainage effects. They correlated 
their data hy extending Stephen's correlation to account for 
mass velocity and wettability. The effect of mass flow rate on 
heat flux 121 nucleate boiling region was explained in berms of 
bubble frequency and bubble diameter relations. 

Stephen and Aurechor (1981 ) proposed a correlation for 
pool boiliug based on largo data of several substances using 
dimensional analysis. They modifLod the forced convective boiling 
correlations proposed by Robs enow, Kulatcladzc and Ohawla by 
replacing the nucleate bailing berm with the proposed one. They 
found that the modified Ohawla cciunbion gave fairly accurate 
representation of the experimental) data of water, hydrocarbons, 
cryogonio fluids and refrigerants . 

There are no studios on the effect of angle of inclination 
on boaling hoat transfer. However, Chen (1978) studied the 
influence of angle of plate heater on heat transfer coefficients 
and bubble frequencies in pool boiling of froon-22. His results 
show that the hoat transfer coefficient increased with angle 
from 0° to 1 5 0° (horizontal being 0°) and then decreased tj a 
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mini mum value at 180°. lie evaluated tlie para me tors of bho 
Robs enow correlation for each of bhe angles studied and proposed 
relations for them in terms of© , This study indicates that bhe 
flow "boiling heat transfer might depend on the angle of incli- 
nation, lavm and Young (1965 ), who studied both vertical and 
horizontal flow boiling oC freon -11 and freon-22, classified bhe 
flow regimes ns nucleabe boiling, annular, and mist flow, They 
found that the heat transfer coefficients are much higher for 
horizontal flow than vertical In the case of annular regime and 
the orientation did not mnlco any difference in fhr other two 
r eg i mes . 


From the literature review it appeors that no systematic 
study of inclined flow boiling has been done so far. 

2,2 PRESSIFE DROP 

The pressure drop of two-phase flow, hereafter referred 
to as total pressure drop, A P, is generally considered bo 
consist of throe components, namely gravitational pressure drop, 
f aoorl erational pressure drop, &P, , and frictional pressure 
drop, ^Pj,, estimation of these components requires the 
knowlodgo of void fraction, A brief review of the relevant 
literature on void fraction is given below. 
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2,2.1 V°1 jpracii on 

Perhaps the only source cl data available on void fraction 
m XI om boiling at low pressure m the open literature is that of 
Dengler and Addoms (1956), They measured void fraction in the 
vertical upward flow boiling using a radioactive tracer technique 
and correlated their data by the Lockhart- iior bine! li method, The 
range of paramo bors covered are 2 pressure Prom 51 .7 to 275.0 kPa , 
mass velociby from 63 to 1514 kg/ni's, quality from 0.0 to 70 
Isbin ot al, (1957) obtained void fraction data using the V -ray 
absorption in the adiabatic stcam-wa ber flow under flashing 
conditions in a vertical tube of 0,02? m diameter at atmospheric 
pressure . The quality was varied from 0.0 bo 4.0 %, Thu compa- 
rison of the data with that of Dong! or and Addoms shoved poor 
agreement , 

Most of tho void fraction data nro of isothermal flow of 
the air -wat or or steom-wnter mixtures. There are several correla- 
tions of void fraction and some of these are based on the 
Bankoff (i960) variable density model. Bankofi assumed that the 
void fraction and velocity profile can bo expressed by the power 
law relation i.o. 
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where u and ^ are the local velocity and void fraction, 
rcspoc bavely. and are the values at axial location, y 
is the distance From the tube wall and r is the tube radius, and 
n and n are arbitrary exponents. He obtained 



where x is mass vapor quality. -<; is mean void fraction and 


K 


2 ( m+n +mn ) ( m+n-i 2mn ) 

(n+ 0 (*2nTf ) ( rn+T)' (2m+1 ) 


Using, the steam-vfa ber data he Found that 
K - 0.71 - 0.0001 p 

whore p is in psia, for pressures upto 1000 psia . The Armand 
correlation (1946^ gives the parameter H as 
IC = 0,335 + 0,05 In p 

Later, Hughmarlc (1962) considered that void distribution (hence 
the naramotcr K ) is affected by buoyancy, inertial, viscous and 
surface tension forces. Using bhe air -water and steam* water date 
of vertical flow in pipes of diameter from 0.016 to 0.064 m, 
he correlated K in terms of Re* Fr and Uo. buckler (1964; made 
a comnarison of several void fj?acbion correlations using a large 
data bank and found that the Hughmarlc correlation gave the best 
agreement with the data. Gregory (1975) also made a 

comparative study of seven void fraction correlations using 
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horizontal and near horizontal flow data. They recommended the 
use of Lockhart and Martinelli or Beggs and Brill correlation 
Cor low Hquid holdup (f 0.25) and the Ilughmarlc correlation for 
higher 1 3 quid holdup. 

The void fraction in the inclined Clow has received 
considerable interest in the recent past. Beggs and Brill (1975'' 
measured liquid holdup of the an -water flow in p Lpes inclined 
from -90° to + 90° and observed that liquid holdup attained ft 
mayimum at about 50° and n minimum value around -90° , They 
divided the flow pattern as segregated , intermittent and 
distributed, for each of these flow patterns, they gave correla- 
tions for the rata o of holdup at an angle of & to holdup at 
^ = 0° in terms of O , volumetric quality, J3 , and fr. 

Nguyen and Sped ding (1977) obtained an equation for 
holdup which is valid for all types of fl ows . They showed that 
the semi -theoretical isolations available jn literature can be 
deduced from thoir relation as special cases. In a companion pape 
thoy have reported experimental holdup dota Cor air-water flow 
in a olpp inclined from +90° to -90° Prom the horizontal. They 
have divided the flow into three regimes and gave correlations 
applicable fop individual angle of inclinations employing tho 
theoretical expressions mentioned above. They observed that the 
agreement of their data with Boggs and Brill correlation was poor 
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Lm (1983) presented the holdup correlations for inclined 
flow that appeared m the Soviet and Chinese literature. These 
correlations were developed for the steam-water flow at high 
pressures . 

2.2.2 kric 1 1 on a l Er e s s ur e D rop 

The frictional pressure drop is lmown to depend on the 
flow pattern, heat flux and angle of inclination, besides the 
physical properties, quality, mass velocity and flow geometry. 

Lockhart and tfertinelli (l 949), in a classic paper , obtained 
a method of cori'elabing the fractional pressure drop m terms of 

O/ 

the two-phase frictional mu] tlpll 3 or , (p . 

*5- ( SO /(^0 f 

'v* ^ 

ana 

and the two-phase flow parameter, X, given by 



2 

where = two-phase frictions! multiplier based on pressure 
gradient for liquid alone flow. 

2 

fp - two -phase frictional multiplier based on pressure 
gradient for gas alone flow. 
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They have obtained the correlation based on the isothermal 

p 

horizontal flow data, I,a tor workers recognised that qo^, also 
depends on mass velocity. Le Tourneau and Troy (i960) applied 
the mass velocity correction factors to the bwo-phase frictional 
multipliers. Baroczy (1965) defined the friction multipliers 
somewhat differently and gave a graphical correlation involving 
quality, mass velocity and property index. This correlation 
acclaimed to he one of the best among the available (V/eisman £, Choe 
1978 ,* Collier ? 1981 ) . Tiater Chisholm (1975), using Baroczy 1 s 
correlation as basis, obtained analytical expressions for 
prediction of the frictional pressure drop which are convenient 
for use in flow boiling computations. 

It has been observed that the frictional pressure drop 
m flow boiling is more than that in isothermal flow. Based on 
the steam-water data, Tarasova et al . (1965,1966) proposed the 
following empirical correlation to account for the effect of 
heat fluxs 

= 1 + 4./| x 10~ 3 ( °' 7 2,10 

( AP Wanted ' 

where -jj = heat flux, W/m 2 

O 

G- = mass velocity, kg/m s 
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Recently, Shoukm et al. (1901) reported that the appli- 
cation of constant heat flux results In higher pressure drop over 
adiabatic flow at nil qualities m the case of horizontal flow. 
They found this effect to bo dependent on pressure as well as 
mass velocity. Interestingly enough, they observed that the 
increase in frictional pressure drop due to hoa t flux passes 
through a peak as quality increases from 0.0 to 0.3. 

Employing the Colebrook -White equation for the two-phase 
friction factor, the definitions of Rc and f used in the homo- 
geneous flow, Beattie and Whalley (1982) obtained simple but 
general expressions for tv; o -phase frictional pressure drop. They 
compared the proposed as well as a number of other correlations 
with experimental data and showed the proposed one is as good as 
the alternative complex methods. 

Apart from the above variables, the angle of inclino'tion 
was also observed to have significant effect on the Jh:ic ttonal 
pressure drop. The interest in the effect of inclination dates 
back to 1939. Boeltcr and Kepnar (1939) reported the total 
pressure drop data for air-water and air-oil flow at an 
inclination of 9.5°. No correlation was reported. However, 
they noted that Re, Er and Wo numbers are the correlating 
variables. ICostcrin (1949) observed the change of flow pat terns 
with inclination and noted that the effect was high at low 
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In quid flow rotes, He* gave a correlation for the fr j c tion factor 
in terms of single phase friction factor, gas flow rate and fr 
number. Baker (1957) and Brigham et al, (1957) also reported the 
total pressure drop for inclined pipe flow, but since liquid 
holdup data were not obtained no valid conclusions could be drawn 
from their work, Guzhov et al. (1967) presented a frictional 
pressure drop correlation in a form similar to that of Kosterm 
(1949), They have reported a holdup correlation. Ney (1963) and 
Puentes (1968) reported the pressure drop and holdup data on. 
upward inclined flow from 0° to 90°, However, the range of flow 
rates was very narrow. 


Singh and Griffith (1970) d ov el oped a model lor slug flow 
in inclined flow. Neglecting the pressure loss along gas slug 
and considering -that the pressure drops depend only on shear of 
the liquid slugs at the wall, they obtained an equation for the 
frictional pressure drop; 


( 

v 


d l) 
d z 
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Vermulen and Rayn (1971) proposed a model for the frictional 
pressure drop for the slug flow in horizontal mid inclined pipes. 
They obtained an expression for the pressure drop in berms of 
friction factor, slug length ( or slug frequency ) and the 
holdup. They used the lockhar fc-Mnr binolll correlation to 
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estimate the liquid holdup. The slug length was found from the 
measured slug frequency. They compared the model vi Lb their 
pressure drop data, obtained from experiments conducted using 
air-water flow m inclined tubes (-7° to + 7°) and found it to be 
in good agreement, Bonnccaze eb al . (1971 ) modelled the slug flow 
for J: 10° inclinations and obtained expressions for the frictional 
pressure drop and liquid holdup. Based on bhe experimental data, 
they proposed correlations for friction factor in slug flaw, 

Boggs and Brill (1973) obtained the fractional pressure 
drop in inclined pipes of 2,5-1 cm and 3.81 cm diameter for air- 
water Clow, The angle oC inclination was varied from -90° bo 
+ 90° from the horizontal. The ra b lo f,pp /f was correlated in 
terms of liquid holdup and volumetric quality 5 f^, is the observed 
homogeneous friction factor and T is evaluated using the Duclclor 
definition of two-phase viscosity. It may be recalled that they 
have also presented a general holdup correlation for inclined 
flow . 

S podding ot al, (1982) have reported extensive frictional 
pressure drop data for the air-wabor flow ab atmospheric pressure 
in inclined pipe of 4.55 cm diameter at angles ranging from ** 90° 

I 

to + 90° from horizontal. The data wore presented os plots of 
frictional velocity (based on liquid properties) versus total 
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velocity for each nn#Je of inclination with the superficial 
velocity ns n parameter. TLVea though the way data were presented 
is not convenient to use, the qualitative trends were shown 
effectively. They have highlighted a number of operational and 
design or it or in for the inclined two -phase flow systems. 

The above few studies on two phase flow in inclined tubes 
indicate that the frictional pressure drop depends on the angle 
of inclination. However, no study has been reported for flow 
boiling. 



CHAPTER 3 


EpERIWTAl^ DE TA ILS 

This chapter oresents details of the experimental set-up, 
experimental procedure and results of some of the performance 
tests . 

3 . 1 ioxper tmtae s et -ip 

A schema bac diagram of the flow "boiling loop is shown in 
Figure 3.1. It consisted of a feed tank (A), ciccu] afcmg pumps 
(0 and D), rotameter (P), preheating tank (PH), test-section 
assembly, vapour-liquid separator (J) and condenser (Iv). The 
test-section assembly was composed or three pre -evaporators (El, 
E2 and E3 ) , two test sections (T1 and 12) and a glass section (X) 
The description of these units is given below. 

Figure 3.2 shows the details of the test-section. The 
tast-soctj on was made out of a 33 mm diameter copper rod. A bore 
was drilled in the copper rod and reamod to got an inner diameter 
of* 1?„7 mm. The surface roughness wa3 measured with a profilo- 
metor and was found to be 0.62 microns. To fix the teflon gaskots 
a step 8 mm deep and 25 mm in diameter was made on both ends 
of the test-section as shown in Figure 3.2. The total length of 
test-section was 82 mra and its effects ve heating length was 66 mm 
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Fig 3.1 Schematic diagram of the flow boiling loop 
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Fig. 3.2 Test-section with teflon gaskets. 
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"Four ho] es of 1 mm diameter at an inclination of 45° to the 
axis and about 15 mm long- wore drilled m the wall in such a -way 
that tho blind end of the hole is 1 mm from the inner surface. 
Grooves of 1 mm width and 1 ,5 mm depth were made on the outer 
wall from the holes to the end of the test- sec Lion. Teflon - 
insulated thermocouples were inserted into tho holes just after 
filling the holes and grooves with conducting silver paint 
(Sunshine Scientific Instruments, USA). These were token to the 
end of tost section through tho grooves. Thermocouples were held 
in position hy applying a thin layer of Aralditc (epoxy rosin.) 
on th'* bottom of the groove. The outer surface of the test- 
section was covered with a layer of g] ass fibre cloth. A nichrome 
strip (7.3 0hn/m) 3 mm wide was wound over the effective length 
of the test-section and then clomped using copper strips. The 
heater winding was so positioned that : t was directly above the 
inner boiling surface as shown in Figure 3.2. The winding of the 
ii] chrome strip on the test -section was done on a lathe to get 
uniform spacing and tension. Teflon gaskets were inserted into 
the grooves at the either end of the test-section as shown in 
Figure 3.2. The shape and thickness of teflon gaskets ensured 
uniform heat flux distribution throughout the effective length 
of tho test-section by preventing heat conduction through the 
unheated section. Thermocouples were inserted m the teflon 
gaskets to measure temperature of two -phase mixture at the 
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inlet and outlet of the tes t-sectu '-ms ( thermo couple junctions 
■were placed close to the axis ol the tube). The power supply was 
given to the heaters Xrom Automatic Voltage stabilizer ( 1581 -A, 
General Radio, USA). Tho test-section was insulated by 60 mm 
thick glass vooi followed by asbestos tape. 

The pre-evaporators El, E2 , E 3 , were made of copper tubes 
of 12.7 mm ID and 1.6 mm thick, and of lengths 281, 311 and 32 5 inm, 
respectively . The details of E3 are given in Figure 3*3. 

The flange of pre -evapora tor tubes also served as pressure 
taps. Each of the pressure taps consisted of an annular chamber 
(formed by a groove m the .Flange and the copper tube as shown 
in Figure 3 . 3 ) connected with the inside oC the tube by four 
holes. The holes are 1 mm m diameter. Tho pressure taps were 
connected to small glass condensers, which m turn were connected 
to differential manometers. The heating elements of the pre- 
ovaporotoTB wore wound in the same manner as that of test-section 
heater winding. The power ratings of pro* evaporators El, E2 and 
E3 wore 1.5, 1.0 and 1,2 kW, respoc bivoUy . These were Lsolated 
from each other 1 by using 10 mm thick teflon gaskets. Q’hc 
temperature of the inlet liquid at El was measured by a thermo- 
couple inserted in the flange. All the heater voltages were 
regulated by usung au bo-trans formers . Tho required mass vapor 
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Copper tube 
Glass- fibre cloth 
Heating element 
Copper clamp 
Brass flange 
Teflon gasket 
Pressure tap 


(All dimensions are in mm) 


Fig 3.3 Cross-sectional drawing of pre- evaporator (E 3) 
assembly. 








quality at thr> best-section ini et was obtained by adjusting 
beat inputs to the pre -evaporators . 
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To observe the vapor -liquid flow patterns, a glass section 
was incorporated at the exit of T2 „ The glass section consisted 
of a 12.7 mm ID and 0.16 m long pyrex glass bube with Kovar 
mebal joints at both the ends. "Flanges wore fitted to either 
end of Kovar tubes. A brass bellow was fixed at one end of bbe 
glass section to urotect it from breakage due to thermal and 
mechanical shocks. 

All the pre- evaporators were insulated by 50 mm thick 
glass wool and then by asbestos bape. Care was exercised during 
the fabrication to ensure the formation of hydraulically smooth 
tube. The test-section assembly was fixed rigidly to an aluminum 
plate of 0.35 m x 2 m x 6 mm, v/hich m turn was mounted on a 
slotted iron angle structure with a ball bearing arrangement at 
the centre of the plate. By this arrangement the test-section 
assembly could be oriented bo any desired inclination. 

A brass feed tank (A) of 0,4 m dia.and 0.3 m height, 
fitted with two kettle heaters of 1.5 kW oach^was used to heat 
the feed water bo its boiling point, A reflux condenser (B) was 
fitted on the top of the feed tank as shown m "Figure 3»1. Two 
pumps, a centrifugal pump and a gear pump connected in series. 
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were employed to circulate water m the test-loop. It was 
observed that the use of a single pump gave rise to flow 
oscillations at low flow rates due to insufficient head developed. 
These pumps could generate a pressure of 4-00 kPa at the outlet 
which was then dropped across the valves VI and Y2, so that bho 
flow rate does nob respond to the small changes m the pressure 
drop across the test-socbion assembly. Another feed pre -heater 
bant (PIT) was provided at the exit o L* the gear pump bo ensure 
the water in at saturation temperature at the inlet of tes b - 
section nsneiriblv. The preheater was a brass tank of 0.14 m dia 
and length 0,12 m provided with a kettle heater whose heat input 
was controlled using o auto -trans former . A rotameter (Scbutte 
and Ko or ting Go. , USA) was used bo measure the water flow rates 
ill the test section assembly. It has a sensitivity oi 9 cc/min/div. 

The exit of test section assembly was connected bo a 
separator and condenser assembly. The separator (J) and 
condenser (K) were braes tanks of 0,25 m If x 0,5 m height and 
0.15 m ID x 0.2 m height, respectively, with conical bottoms. 

Tbo inlet port of the separator was fitted m such a way that 
two-phase mixture enters the separator tangentially. The condenser 
was provided with a copper coil of 3 mm ID and with a hont 
transfer area of 0.05 m 2 . The liquid outlets of the condenser 
and separator were connected to the feed water tank to recycle 
the water by gravity. 
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The feed lank, rotameter, separator and condenser -were 
all fixed on another slotted angle structure that was fitted with 
wheels. The separator and the condenser could be positioned at 
any desired height m accordance with the orientation of the 
test- section assembly. Brass pipes of 25 ram diameter were used 
to interconnect various units. In order to avoid vibrations 
being transmitted from one structure to another, the inter- 
connecting pipe linos between the two structures were made 
using flexible tubes (Pure gum vacuum tubing, Goodyear Rubber 
Products, USA), 

To test suitability of the rubber tube, a small portion 
of the tube was lcopt in boiling water for 10 hours. It was 
noticed that the tube was unaffected by boiling water and the 
water was observed to be as clear os before use. However, the 
rubber tube was kept to minimum lengths b 3 r employing brass tubes 
wherever possible, further, during experimentation, the water 
was changed every day to avoid accumulatj on of possible contami- 
nants due to long exposure and the test-scc bi on was cleaned 
frequently. No deposition was seen at any time. 

3.2 MEASUREMENTS 

iiwhhwih i . w -"-.i i i nrrum i 

3-2.1 T emperature Me asurem ents 

Teflon -insulated coppor “constant an thermocouples (TT-T 30, 
30 gage, Omega Engineering, Inc., USA) were used to measure 
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temperatures. Reference Dime tions of the thermocouples "Were 
insulated by a thin coating of araldite epoxy and ail the 
junctions were tied together and kept m a flask containing 
water at room temperature. The temperature of the water was 
measured by a calibrated mercury thermometer of 0.1 °C accuracy. 
Prom each thermocouple, a pan of copper wires was taken to the 
T)a ta Acquisition system through a tlnclc aluminum conduit ( to 
minimize noise pickup'. 

The e.m.f. of thermocouples was monitored using a 
Hewlett-Packard Automatic fata Acquisition system (HP 3052A). 

It consisted of 3455A Digital Voltmeter (DVI-l), 34 95A scanner and 
a 9325A programmable calculator. The DVM is a 6-1/2 digit 
integrating voltmeter capable of measuring DC, RMS, AC and 
resistance. It has one microvolt sensitivity and 120 dB ECMR 
with the scanner DC measurement speeds unto 19 chonnels/seo , 

The DVM has a high resolution mode under which measurement 
resolution was 1 porb/1.5 million. The DVM was set in this mode 
while monitoring thermocouple e.m.fs. The o.m.fs. of all the 
thermocouples were converted to temperatures using the tempera- 
ture subroutine that was supplied by the company as a software 
package. The subroutine has the HDS table accuracy. 

To have a check on the noise pickup, a pair of copper 
wires which were joined at the setup was taken aiongwith the 
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other wares, and connected to a channel of the scanner. This 
channel was also scanned alongwith the other channels and the 
measured voltage due to noise pickup was converted lo temperature 
m all the runs. The noise pickup was always observed to he 
within + 0.03°0. When the test section heater v/ao 'ON', the 
thermocouples, which were fixed to the wall appeared to pickup 
some periodic noise depending on the applied voltage across 
test section heater, It was observed that the problem can be 
overcome by averaging several readings, obtained from a single 
thermocouple, From a thermocouple, a sot of twenty readings at 
5 roadmgs/sec was taken and an average of those was taken to 
be the temperature. The average values of different sets nt a 
steady state wore found to bo in thin + O.O^C. 

5*2.2 Er oss_ur o JMqq sur ornents 

Pressure drop across the different sections (see 
Figure 3.1) was measured by differential manometers using carbon 
tctrachlor i.do as manomctric fluid, Absolute pressure at the 
inlet of El was measured by n mercury maiiomotcr. These measure- 
ments enabled determination of saturation pressure and temperatures 
at various points of the test- section assembly. 

5*2.3 Current and Voltage Me a s ur emont s 

The current in the test -suction boater was measured by 
calibrated multimeter (Motwano), In order to measure current in 
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the pr o -ova porat or s s band nr d resistors wore e ounce 'tod m series 
wibh the heaters o The voltage drop across standard resistors and 
heaters were monitored using the data acquisition system, 

3.2,4 Ac cur a cy_ o;f I fe asur ements 

Measurement accuracy oC various instruments and maximum 
possible error due lo fluctuations of the reading ore reported 
in Table 3.1. The above limits of accuracy can Head to 
maximum possible overall error of + 3.5 % in heat transfer 
coefficient and + 3 % m mass vapour quality. 
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TABLE 3.1 

INSTRUMENTAL ACOITRACIES A MB ERROR BOUNDS 


Measured Meter Expected Maximum Errors 

variable Accuracy due to Fluctuations 


Test-section 

voltage 


+ 0 , 6 % oT the + 0.20? in 100V 
reading 


Pr e -- evapor a tor 
voltage 


+ 0,6% of the +2 V in 220V 
reading 


Tea b-oeo bion + 0.025A 

and pre "heater 

currents 


DilTerentinl 

pressure 


Ah sol) ute 
pressure 

Temperature : 
vnl] 

liquid 

Moss velocity 


+ 6 Fa + 0.1% oC the reading 

when 0=380 to 750 
2 

kg/m s 

+ 3% of the reading 
when G=125-250 kg/m 2 s 

+ 70 Pa + 70 Pa 


+ 0.015 °C 

± 0.015 °C 

+ 0.7 kg/m 2 s 


+ 0.05 °0 
+ 0.03 °c 

+ 2,4 kg/m 2 s 
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3 . 3 T3:r FHR Il''£ENTAl L PROCEDURE 

The feed tank (A) v/as Tilled W 3 th distilled and 
deionised water and heated to its "boiling temperature (the vapor 
evolved in bhe feed bank was condensed using the reflux 
condenser). The pumps were switched ’on' keeping valves VI and 
V2 closed with bypass valve V3 opened. Then VI was opened fully 
and the flow of water was diver bed to bhe best loop by gradually 
opening the valve V2 and closing the valve V3 fully. Next, the 
flow rate was adjusted to a preselected value by carefully 
adjusting the valves VI and V2. Most of the pressure head was 
allowed to drop across valve V2„ ’The valve VI was closed to such 
an extent that the periodic flow oscillations were prevented. 
Then all pro -evapora tor heaters and test scctj on heaters were 
brought bo bhoir full heating capacity. After bhe system was 
stabilised (usually it book about one hour to stabilise), then 
all heaters were adjusted to preselected values . The temperature 
of water entering bhe tost sootion assembly was adjusted by vary* 
ing the heat input to preheater (PH) such that it was almost at 
satimation temperature (slight sub cooling ^ 0.2 °0 was main- 
tained to ensure zero quality). When the wall temperatures, bulk 
f iquid temperatures and the rotameter reading wore steady for 
more than ton minutes, the data collection was monitored by 
running a stored program on the computer. While the automatic 
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data acquisition was being (lone, various other data such as the 
readings of manometer, rotameter and reference junction tempe- 
rature, and current to the test-section heater were recorded 
and later on fed to the computer through the key board. Soon 
after, following; quantities wore computed: 

(a) Temperatures and currents , 

(b) Heat flux, 

(c) Mass ve] oclty 

(d) Pressure drop and pressure gradient across various sections 
(o) Quality and saturation temperature at various locations 

( I 5 locations ) , 

(f) Pressure drop analysts consisting of void fraction, the 

components of pressure drop due to gravitation, acceleration 

and friction across Ji)3. 

* 

The entire procedure described above constituted one run. 
Keeping the other parameters constant, the lie at flux was 
decreased in stops from highest to the lowest value. This was 
done to ensure nil possible active sites on the surface arc 
activated . 
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3.4 jENEEXiTlITT QE TIT E TSX TTIR I MENTAL SET-UP 

Heat lo sses . (To check if heat losses from pr e--evapora tors and 
test-sections are significant, single phase experiments under 
steady state conditions were conducted using water at different 
flow rates. The enthalpy difference of water from inlet of the 
preevaporator , El to outlet of the test-section, T2 was computed 
from measured tempera bur es and compared with the electrical 
energy input to pro-evaporators and too b- sec tions . It can he 
seen from the set of values given in Table 3.2 that heat losses 
wore negligible. 

S 1 jn£i c l P _ dr op t Pressure drop across pre-evaporator, 

E3 for single-phase water flow was measured under isothermal flow 
condition. The pressure drop data "were compared with the values 
estimated using Bln si us trie in on factor equation (Knudsen and 
Rntz , 1958) m Eigure 3.4. Jt can be soon from the figure that 
the agreement is good. However, similar check on the pressure 
drop data of tos t-seotion , T2 showed poor agreement which could 
be attributed bo the presence of thermocouples at the inlot as 
well as a t the outlet of the test-section. Hence pressure drop 
data across pre-evaporator , E3 was employed m the analysis of 
two-phase flow, 

Single -phase hoa b tr an s for _Qjc of f jnicin t s i Heat transfer co- 
efficients for single-phase flow under steady state conditions 
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TABLE £j2 

kem? losses^ monym t est -seqtions awd ere -eva pop a tor s 


S .No . 

& 

Trg/rn 2 s 

Energy 
Input , W 

Raise m 
■water Temp- 
erature, °c 

Enthalpy difference 
of the water from 
the outlet to the 
inlet, W 

Heat 
losses 
m the 
percent 
of the 
_ input 

1 

1689.34 

3800 

4 .26 

mr *z m ^ *-» . 4 * !*•!*►** ^-4 -% tm* 

3816 

- 0.4°/ 

2 

1689.34 

3810 

4.24 

3790 

+ 0.5/j 

3 

748.20 

3500 

8,82 

34 96 

+ 0.1# 

4 

301 .82 

3470 

21 .65 

3460 

+ 0.3# 



{^r F) HO" 2 ) 3 Pa/m h L , kW/m 



Fig. 3 4 Comparison of the experimental results with the well-known correlation 
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♦ 


wore obtained from the tes t -sec lion, T2 . In order that bhe 
temperature profile is fully developed, constant heat flux was 
maintained m all pre -evapora tors and test -Beet ions , The heat 
transfer coefficients were compared with the Dittus Boelter 
correlation in Figure 3*4. It can he seen that experimental 
values are consistently higher than the predicted. The thermal 
breaks and the presence of thermocouples at the inlet and outlet 
of the test-section could have contributed to this difference. 
However, in convective boiling these effects are expected to he 
much low due to the highly turbul ent nature of two-phase flow. 


Heproduo ibil 1 ty of heat transf er coef JjJjijLent^ JLn fl ow .baa ling 


Vo check reproducibil ity of heat transfer data, the runs were 
repeated at different times. Some tvpicaJ results are shown in. 
Table 3.3. From bhe table it can ho seen that the reproducibility 


1 s good . 
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CHAPTER 4 


R ESUL TS AND PIRCTiSSION 

This chapter presents the experimental results of flow 
hoi Lmg heat transfer, two-phase flow pressure drop and flow 
patterns in a tube inclined at different angles between hori- 
zontal and -vertical positions. T Jsmg the steam water system 
experiments were conducted under steady state saturated boiling, 
conditions at atmospheric pressure. The range of experimental 
parameters covered for heat transfer and* pressure drop are 
given in Table 4.1. The experimental results are compared with 
those reported in literature for the vertical and horizontal 
cases. Heat transfer and pressure drop correlations and the 
flow pattern maps are presented. 

4 . 1 HEAT TRANSFER 

4*1.1 Da ta Reduction Procedure 

The methods of computation of boiling boat 
transfer coefficient, quality and the Tioclrhar b-Marttnelli 
parameter are given below, 

-le a t _ Transfer Op ef f i c i ent ° Since thermocouple 3 unc t i one 
located on the test- sect ion were about 1 mm away from the 
inner surface of the tube, the inner surface temperature, 



RANGE _ 

Parameter 

Hasp Flux, kg/m^s 

Heat Flux, kW/m^ 

Quality, % 

Lockhaxt-Mar tinelli 
parame ter 

** £ 


TA.BI/E 4,1 

OF E XPERIME NTAL PARAMET ER S 


Foi> 

Heat Transfer 


For 

Pressure Prop 


125 - 760 
50 - ?30 
near aero to 12 
> 0.2 

5800 - 35000 


125 - 760 
0-100 

near zero to 8 
-> 0.3 

5800 - 35000 
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T^ r , was computed from the heat conduction equation 


T. 


W 


T. 


Vm 


ln( r i^ fc )' 

_ V 
2 7 rm 


4.1 


where q = 

r = 
1 

t » 

L = 

k » 

and a* - 
Wm 


the rate of heat input to the test-section, 

inside radius of the tube 

the distance of the thermocouple junction 

from the inside surface. 

the effective heating length of the tes b~ 

sect! on , 

the thermal conductivity of copper, 
the measured wall temperature . 


Iho heat transfer coefficient, h, was calculated from 
the equation, 


h = ( q/A )/0 Wov - T b ) 4.2 

where A = heat transfer area = 2Ar , 1 

1 

^Wav" ^' IG averD § e the inner surface temperatures 
(averaged over tho four locations on the 
circumference of the tube), and 
= liquid temperature obtained by linear inter - 
polatton of tho inlet and outlet temperatures 
of the tes b -section . 



43 


Q^l a JLi4jy» f Phe pressure pioCile along the heater assem- 
bly Is required to compute the quality profile. From the 
pressure drops across various secijons and the pressure 
at the entrance of pr e-evaporator El , the pressure 
profile was constructed assuming linear variation of 
pressure m each section. 


Taking the flashing and coinpres sibil iby effects 
into account, Shouln-i et al. I' 1981) have obtained the 
following equation for the change of quality with length 
m the two -phase regjon. 


is = iWLl _ §J> .1 f V isJfA , 


CrD h 


fg 





4,3 


The quality profile is computed from Equa bion 4 .3 as 
follows, from the temperature and pressure at the entrance 
of pro-evaporator El, the location along the length where 
liquid gets saturated was found. From this point onwards, 
the quality profile was computod by numerical intergration 
of Equation 4.3. 


Lockhart -Mar ti nolli Pa rameter . X^ : The Lockhart- 
Martinolli parameter, at the location of the wall thermo- 
couples in the test-section, was calculated from the 



u 


equati on, 


0.9 


VXtt 

where v 


= /. 


V 


x^ 

1 -X 


/ V 


0 r - 


j / 


\ ( 'g / A 

v „ * ( b/ f 


0.1 


4 .4 


g 


\ f , 

> 

the specific volume of vapor, 
the specific volume of liquid 


The average Lockhart-Martinell i parameter for the pre- 
evaporator E3 was obtained by numerical integration of 
Equation 4 .4 . 


X 


1 


tb,av (x ~x ) I \x 

0 1 J ' 


/'x 

x. U/ V 


^°* 9 i V \’ 5 / /'f \ 0a1 

-> U! (4) 11 


where x i and x q are inlet and outlet qualities , 
res pec biveily . 


4*1.2 H [eat^ .Trqn of er Coefficient 

The boiling heat transfer coefficient, h^p, 
al ongwi fch the experimental parameters like mass velooity, 
quality, temperature of wall and bulk liquid for all the 
runs are presented in Appendix B . Figures 4«1A and 
4. IB are the typical plots of heat transfer coefficient 
versus quality with mass velocity and heat flux as 
parameters for the angle of inclination, © = 30°. It can 
he seen from these plots that hpp increased with heat 
flux. This indicates that the contribution due to 



Heat 

flux , kW/m 2 

A 

230 

0 

130 

□ 

50 
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nucleate boiling is significant nf h^p is viewed as tbe 
sura of nucleate boiling (microconveotion) and forced 
convective (macroconvec fcion) heat transfer contributions , 
In general, h^p increased with quality at a constant mass 
velocity indicating that the macroconvective heat transfer 
is also significant. However, at lower mass velocities 
and higher heat fluxes, the increase in h^vp with quality 
was rather less, This trend indicates that microconveotion 
is dominating at higher heat fluxes. Similar trends were 
also observed for other inclinations and hence they are 
not presented here. 

.Figures 4.2-A- and 4.2B show the effect of angle of 
inclination on h^p for heat flux 230 kW/m 2 . The data 
points shown an these graphs were obtained from the 
smooth curves drawn on the plots of h^p vs quality. It 
can be soon that the h Tp passed through a minimum as the 
angle of inclination varied from 0 ° to 90 ° for G- * 750 
and 500 kg/m 2 s, In these cases, the quality is loss than 
2 % and maBs velocities are high, as a consequence the 
flow pattern was eithor bubbly or slug flow. When the 
tube is inclined the vapor bubbles or broken slugs moved 
cdoso to the upper half of the tube 3 Caving more or les3 
bubble free liquid flow in bhe lower half. Hence it may 









© , degree | 

i 

Fig. 4,2 B Variation of heat transfer coefficient vith 0 for q/A=230kW/rir 
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"be expected that macroconvection is dominant in the 
upper hal f while microconvec fcion is dominant on the lower 
side. The relative proportions of there might have 
changed with the angle of inclination m such a way that 
h^p is minimum around 50° „ In the other cases, the flow 
pattern is mostlv annular and the angle of inclination 
has a marginal effect. 

4 «1 *3 Comparison and Correla tion of Data 

The vertical upward flow boiling has been studied 
extensively and several correlations for heat transfer 
coefficients are available m the literature. It has been 
shown that Chon's correlation is superior to the others 
(Chen, 1966; Collier, 1981). Later Boorgo, Hall and 
Roheenov (unpublished) pi o nosed a correlation baaed on 
Rolisenow's superposition pi ‘in 01 pie (1952) and claimed 
bettor accuracy than tho Chon correlation when tested with 
the water data, Dcnglcr and Addoms (1956) proposed an 
empirical correlation based on the stcam-watcr data, (The 
range of parameters of tho present study are within their 
experimental parameters, Honoe tho Dcnglor and Addoms 
correlation was also selected for comparison. Those 
correlations are given in Tdble 4*2. It may be pointed 


& * 
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table 4,2 


FLOW BOILING HEAT TRANSFER CORRELATIONS 


1 . B en^ler-Ad c\oms_ _( 1 956 ) 


h Tp/ h T 


3.5 F t 


•where F^ is correction factor to allow for nucleate 
boi] ing and is given by 


flPe 2 

0.67 (/ST; - &T. JV ) ,-2-5- 


8 , tb 




where 


is slope of vapour pressure vs temperature 


curve at saturation condition, lb/ ft^ °F 


2. Chen (1966) 


h C + h N 


where = 0,023 


G(l-x)l) 


ft V 

k T 


k * 


.0.79 _ 0.45 0 °-49 


h. T — 0,00122 '7 s T"’i5“ /f““7T'"oT 2^ T Ap 

» -aO, 5 ip, 29 h 0.24 pO.24 s 

O / f fl fg 4 g 


0.024 0.75 


i » n 

‘ • i 

s t i KA\ ‘Ui* 


4 4 

ritfTO 


w!*-* 
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TaMe 4.2 (continued) 


log P = 0.456 + 0.535 3 og l/X,. h 0.0805 (log 1/X,,) 2 


For 0.1 < 1/X U < 10 


S = 3.56 ~ 0.6354 log (ReF 1 ” 25 ) 


For 2x10 4 <Rc f P 1 “ 25 < 2x1 0 5 


3 « B j o r g e et al 


(A ) For high qua li ty region jUe, .js£ > ,0.8 


Q " Qq * % Q Fi 


- Q 0 + °B 1 - 


Recommended equations are 


~3 ,ib 


8 <5* T s v fg h f 


k f h fa 


Re 9 * 9 Er* F ( X .. ) k 


t c f 


V 3 


■where F(X^.^.) = 0.15 j^l/X^j. + 2 »^ (l/X^.^) ~"j 


5 Br x + 5 In (1+5 Er^) +2.5 ln(0.0031 Re 

Re x > 1125 


o <u 
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la bl e 4.2 (continued ) 


T 

I 2 = 5 Pr f + 5 In j 1+Er f (0.0964 Re 8 ° 585 -l)j 


50 ^ Re f <1125 


P 2 = 0.0707 Rr f Re]/ 


For Re^ <50 


t 0.5 p 1 7/8 c 19/8 pA/S , 1/8 

JC _f j £ °Pr J rr n er* 


q b -= DM 


(Pr -fJ 


1 Jg 

9/8" 578""T/8“ 


X - V 0 


„ s °'5 

c ( 4-4 ) ^ 3 

- -A-.JL ^ 5 

s u 

e c '"o 


where BM is dimensionless constant 


( H ) Subcool_ed_ an< low q ual ity, reg i me A • _9 ? A/ \§. 

q 1/2 

f 2 2 r / &T S ibN 3 1 I 

Q = J «0 + Q B 1 - ( r.<-" /> f 

< u - 1 

•J 

Recommended equations* 


X1 P s' \ 

i-N <• 47 N sc ; 


7ot r tans > IQ' 6 m 


h 0 AT so + d~ (1+ <1+4 > v ) 


1 ' or r tang < 1° m 


Table 4,2 (continued) 
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v/her e 


r =*1 V 1 8 <J T S v f g V 


*6 

N = h„ r / v 
C max ' 1 f 


tang 


max 


b 0 D 


T s v fg / ( h fg ^ T s,ib^ 


-6 


radius of largest cavity = 10“ m 


1< 


rb 


= 0.023 


/ £ I >\ 0 * 8 

l/A' 


(10 A 

^f pfb I 
lc fb / 


subscript b m the above equations indicates that 
properties should be evaluated at tho liquid bulk tempe- 
rature, T^ ? and all other properties should be evaluated 

a i- the film temperature, (T + T^ ) / 2 ,AS gc is degree of 
subcooling, (T ,-T^) , 


Q 


0 


h n ( AT + AT ) 


so 


T 


Q> 


a , ib h 


ib 

0 


- A T 


sc 


* Original graphical correlation was fitted hy polynomials 
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oub bhat B]orge et al . gave bv/o sets of correlations for 
hmp ' one for the high quality regime, thab is o< t >0.8, 
anrl another for <^< 0,3. As bhe void fraction is not 
known and as the accuracy of the available void fraction 
correlations is uncertain, h^p was estimated from "both 
sets of corr elations , It was found that the correlation 
corresponding to bhe higher quality region gave less 
deviation Boom the data, and this correla bion was used 
for comparison. The above three correlations arc compared 
with the present verbical flow boiling data in figures 
4.3, 4.4 and 4.S, It can be soon that the Chen correlation 
is superior to the others. The scatter m the case of 
Dengl cr-Addoms appeal's to be high. Besides being accurate 
and applicable over a wide range of physical properties, 
the Chen correlation is based on sound physical arguments 
and hence it has been adopted to correlate the data. 

The functions F and S in tho Chen correlation can 

he expected to vary with the angle of inclination for tho 

following reasons. Chen showed that F is related to the 

he 

two-phase fricbional multiplier, later, ib will^shown m 
section 4.2.3 that the two-phase frictional pressure, 
drop is a function of tho angle of inclination. Spudding 
ot al. (1982) have also observed that bhe two -phase 



kW/m 
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( hrp } Exp ' kW/m2K 


FIG 4,3 Comparison of Experimental Data with 
, the Chen correlation 



Heat Flux 
230 kW/ tn 2 

130 kW/m 2 
* 50 kW/m2 

10 ' 30 

( .fyp ^Exp ’ 

FIG 4. 4 Comparison of Exper imental Data with 
the Bjorqe et al. Correlation 
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frictional pressure drop is influenced by the angle of 
inclination. Hence, the function F is expected to depend 
on the angle of inclination. Chen explained that the 
suppression factor arises because of non-uniform super- 
heat of the liquid over a growing bubble. Bar-Cohen et al, 
(1983), Styikovich and Mipolskisi (1950) and Sterner and 
Schlunder (1976) have reported circumferential variation 
in wal] temperature in the case of horizontal flow boiling. 
Fletcher and McManus ( 1 968 ) reported circumferential 
variation in heat transfer coefficient for air-water flow 
in horizontal tubes. This variation may be attributed to 
the asymmetric distribution of voids over a cross-section 
of the tube. Honco it is expected that there can bo a 
circumferential variation in temperature gradient in 
inclined tubes. As a consequence the suppression factor 
may vary along the ciroumf erenoe at any given cross 
Fine ti on of tube while it is expected to bo uniform in the 
case of vortical flow boiling. Therefore, the function S 
is also expected to vary with inclination. 

In the present investigation bho dependence of 
S and F on the angle of inclination has been explored . 

The functions S and F have been estimated adapting the 
iterative scheme suggested hy Chen after suitably 
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modifying it for computation on digital computer. Based 
on the preliminary calculation, for the range of para- 
meters involved, tho functions F and S are assumed to 
be of the forms 

log P = C 1 + C 2 log (1/X tt ) 4 «6A 

i 

S = 0 + C 4 log (Re.F 1,25 ) 4 «6B 

where , C^, and a re constants, The set of values 

°C C„| , C 2 , and that minimize the average deviation 
was found for each of the inclinations . The algorithm 
which was employed for evaluation of the constants, is 
presented m Appendix A. The constants Cj, 0^, C ^ and 
showed a regular variation with the angle of inclination 
as can he soon from Figures 4°6A and 4.6J3, These curves 
were fitted to polynomial functions of 9 and are given 
below . 

0 1 = 0.4507 + 1 .2x1 O^e - 5.27x10~ 6 & z 

C 2 a 0.1543 + 1.51x10*“^- 2.625x10“ 4 t 9 2 + 1 .444x10" 3 

0 ? = 1.224 + 9.73x10"% + 2.458x10"^C9 2 

C 4 = -0.1483 - t .972x10“%- 5.556x10“% 2 4,7 

The comparison of the estimated and experimental 
h r p.p is shown in Figure 4.7. The average deviation is 
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PIG 4.7 Comparison the Proposed Heat Transfer 
Correlation with the Experimental Data 
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9.2 % and the mean is 0.84 % . It was found that 75 % of 
the points are predicted with an average deviation of 
6.5 %. 


Based on the Reynolds analogy, Chen (1966 ) derived 
a relation between I and the two-phase frictional multi- 
plier as 

ip = < 2 ) 0 ° Q y 4.8 

I f 

Wow only function S is to be determined from the heat 
transfer data. The parameter l 1 ' was evaluated from the 
frictional pressure drop correlation (Equation 4.18) 
based on the data obtained in the present worlc (described 
in section 4.2,5) and the factor S was evaluated for each 
run from the equation 

s = (h T p - '^ 0 - G9x1 ,25 h f )/ 11 N 4.9 

The new values of constants 0 ^ and of Equation 4 .6B 
are evaluated from the set of S values using the method 
of weighted least squares for each of the inclinations 
and are given in Table 4.3. The correlations are compared 
with the experimental data and the average and mean 
deviations are reported m Table 4.3. Though deviations 
are slightly larger than when both V and .5 wore determined 
from the heat transfer data, the relatively good fit lends 
support to the theoretical approach based on the analogy. 
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TAHDE J..5 


VALUES QE 0^ AND EVALUATED BASED ON 

GOIgARISON OF THE OOP RELATION WITH THE 

REYNOLDS ANALOGY^ A ED 

EIDER TiCNTAL DATA 









" ^ "Per c en t " Sev iati on 

Angle 

C 

0 . 

Average 

Mean 

of inclination 


4 



90.0 

4.186 

- 0.790 

12.5 

- 6.9 

67.5 

1.375 

- 0.215 

12.8 

- 7.5 

46.0 

3.911 

- 0.728 

16.0 

-12.2 

30.5 

2.629 

- 0.477 

13.0 

~ 7.3 

0.0 

2.224 

~ 0.389 

11 .8 

- 7.4 
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4.2 


PRESSURE PROP 


As often referred to m tlie two-phase flow 
literature, the pressure gradient is referred as pressure 
drop of this work. The pressure drop of two-phase flow 
can he expressed as a sum of frictional, gravitational 
ond acceler ational pressure drop components . The total 
pressure drop can be written as 



where the subscripts F, G and A stand for frictional, 
gravitational and aocelei ational terms, respectively. For 
a steady one dimensional two-phase flow the above equation 
can bo expressed os 



j + ( 1 - c <) JjQ s in© 


Aiterna bively ,, 




d 

dz 



(1-x) 


2 \ 




4.11 


+ 0 £ **/? + ^~^^ifj sin0 
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'I'bo pressure drop over a length or the tube can "be 
obtained no 



o 


In the Col 3 owing sections, the total pressure drop and 
(’rioltonal pressure drop data are presented. 

/|.2.1 Total Pr os sure Prop 

As the quality increases the gravitational pressure 
drop decreases, while the fractional pressure drop 
Increases. The accelerate onal pressure drop increases 
depending on the variation of quality with length. As a 
consequence the total pressure drop may either increase 
o i* doorcase with quality depending on the angle of 
Inclination, figures 4.8A and 4»8B show the variation of 
the total pressure drop with quality at different angles 
oC LnolLnnbJ on for G = 250 3cg/ra 2 s. It can bo seen that 
the total pressure drop at first decreased with increase 
in quality and then increased; except in the case of 
horizontal Clow where it increased with quality because 
the gravitational pressure drop was zero. Similar trend 



5r F ) , kPQ/rr 


0 =90 0 


Heat 

flux , kW/m 2 

A 

100 

0 

60 

□ 

30 

X 

0 



8 = 67 5 



a a i&. 



x. J 3 4 

Percent Quality 

4 8A Total pressure drop versus quality tor G=250kg7 
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2 

Was ob nerved for mass velocities 300, 188 and 125 kg/m s. 
Tn bho case of higher mass velocities (i.e. 750 and 500 
kg/m c "s) the botal pressure drop was observed to increase 
with quality „ 


/) . 2 „ 2 .Fetor miua^ijon^ ji f „Y,°A f L ^-.Pil^spA Jjpy c ,$ s li :r - e 


'Do find the frictional pressure drop from the 
total , the gravitational and accelera bional pressure 
drops must bo known. The evaluation of these requires the 
void fraction along the length of the tube. Several void 
fraction correlations arc available in the literature for 
vertical flow conditions. Some of the widely used corre- 
lations arc that of Hughmarb (1962), Beggs and Brill 
(1073) and bockhart and Mar tin ell 1 (1949). Bengler and 
Udom (1956 ) and Isbm et al . (1957) have reported void 
fraction correlations which are based on their steam- 
wo lor flow data, and their experimental parameters are 
v/j thin the experimental range of the present work. Those 
void fraction correlations are presented in Table 4.4. 

Jn Figure 4.9, those correlations are compared over the 
quality range of interest, ft can bo seen that the 
discrepancies among those are quite large. Since void 
fraction has not boon measured in the present work, a 



TABLE 4.4 


VOlT) FIUCJ'PIOF OORKELATIOi'TS EMPLOYED 


1 . Eenpler -Ad c\oms_ m ( I j] )J3 ( £ ) 


0.88 - 0.187 X.. + 0 . 0)8 I.? - 4.2 x 10 ” 4 j 


For 1 <.X^^10 


c&> 0.99 - 0.26 X tt - 0.021 ; 


For 0.06 ^ 1 


2 . Tobin et ai . ( 1957 ) 


0 . 7 ? + 6.5 x - 50.2 x^ ; 

For 0.02 < x< 0.04 

0 . 4 ? I- 61.6 x - 3658 x 2 + 75188 x J ; 

For 0.003 < x < 0.02 


3 . Huglimarli ( 1 96 2 ) 

o< » s=k /f„ / v i -i + fyp g ) 


r ,J v 


If r 0,733 -i- 0.0056 Z ~ 5,5 x 10 5 Z 2 + 2 x 10 ’ Z" 5 


'r'l vP • 


K a 0.168 )- 0.313 


For Z > 1 0 

Z - 35.73 x 10 ' 5 Z 2 + 1.39 x 10 ^ Z^ 


1 .5 < 2^10 


. - r, 1/6 - 1/8 / * 0.25 

where Z = Re Fr / p£ 

Re - EG / p (l-'O/j’ + °</g j 


Fr a V 2 /?E 



Tahl p /\ . ''I (con bj nned ) 
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Be/'fjo nml_ BrilJ_( 1 973 ) 

(I « 13 (1 \) 

3 

where i3 -- 1 - 1 - j3 ( Sj n 1 ,80 - - S — ■ ItS^) 

3 

and and ( are obtained from bhe relations, 

('-cK^^o.gaoj^ 6 o.oii lt 3.539 

Pl ,(j.0868 >, 8 - ( 1 -Oj,) in 0 37753“'^ I .614 

It 

Bor sogr elated flow 


(l-o<). 


n.fi/|50°- 6351 2 gso 0.305 p.0.0978 

“k'^WT" ;p=(i-0 L )in . :? Jt ?_ 

J, r „O.U73 


(l-cO = 1 .0650°-5«24 




Bor Intermittent flow 


|4- 0 


Bor Biatributed flow 


■where 


0.25 


s v-v^y 

°L 

and flow regimes are determined on the Basis of 
two parameters, 

B, ~ exp 4.62 - 3.757x - 0./|81 x 2 ~ 0.0207 x 3 j 

L- t= exp Q.061 ~ 4.602 x - 1 .609 x^~ 0.179 x 3 

+ 0.000635 x 5 ] 



Tab! c 4.4 (continued) 
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whore x - in CL 

1 J 

Row rnp.LniGD are classified a s s 
if I'r Ti^ -T] ow is segregated; 

Pr > Ij ] and flow js distributed, 

Qnd ^ < v lY < Tj^ flow is intermittent 
'5. LooViuvr l-Mrvr tlnelli (Shoukri et al., 1981 ) 


0 a r °‘378 
-X - (1 I- I°t > 


* The original graphical correlation wore fitted by polynomials. 
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direct molhort of selection of the correlation, which 
wonJd r opr oa on b the ■void fraction closely, could not he 
dope . In view of this, an indirect method was employed 
which is given "below. 

Tho frictional pressure drop was estimated for 
the vortical upward flow employing each of those void 
fraction correlations, The pressure drop thus computed 
war. compared with that estimated using the Baroczy 
correlation and are shown m Figure 4*104. "t° 4. I OF, fhe 
f ric b tonal pressure drojj computed using the Denglei.‘~ 
Addoms correlation compared well with the estimated than 
the rest of the correlations . It is to he expected 
booauso the Dengier -Ad floras correlation is the only one 
which in based on the data obtained under flow "boiling 
conditions. The widely acclaimed Ilughmark correlation 
appears to he good only at low mass velocities hut 
deviations are significant at higher flow rates. However 
it may ho pointod out that Iho agreement does not 
automatically reflect the superiority of the correlation 
over the others t rather it should ho considered to he 
compatible with the Baroczy correlation. In view oi the 
above, the hongler-Addoms correlation has been chosen 
for the vortical case. 
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Hio 11 tomburo on void fraction for the two-phase 
How in inclined tuho Is meagre. B e ggs and Brill (1973) 
have moastnvod void fraction for the upward and downward 
(low at di fTeront angles of inclination. They found that 
Uu* void fraction is a function of angle of inclination. 
They hnvo suggested correction factors that are to he 
nml 1. 1 id i od with the void fraction in horizontal flow to 
got the void ('motion for the inclined flow and correlated 
l-lit' Oorrot; I. ion factors in terms of the angle of inclina- 
tion, f'Voudo number and volumetric quality. Hguyen and 
{Spudding (1977) obtained the data for air water system 
for various Inclinations and observed that their data is 
not muIdi taut iatlng bho Boggs and Brill correlation. They 
proposed .i grnnhicol correlation for the void fraction, 
rinco most of the present data ore outside the range of 
their (;<iwo I a t Lon, 1b could not be used, In view of lack 
of ’salable coe eolation for tho void fraction in two-phaso 
flow is tuo lined tubes, tho following procedure has been 
adopted to obtain tho void fraction, 

SXnoo tho Dongl or -Addoms correlation seems to bo 
a rO [able one for tho vertical case the void fraction at 
any other Luo I inn bi on is obtained by applying the Boggs 
and Ttr 1 1 1 correct Lon factor, A(<9 )> as £ iven below- 

(1-,x) e = (i-oUm A<fe)/A(90) 


4.13 
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where ( 1 is liquid holdup evaluated from Eengler- 

Addoms oorrel a bn on. Employing the void fraction thus 
obtained, the three components of the total pressure droj) 
wore evaluated. This method of estimation of void fraction 
in inclined tubes needs experimental justification; hut 
it could not be done due to lack of data. The total 
pressure drop with bho other relevant experimental para- 
mo torn arc tabulated in Appendix 0. Prom the tabular data 
i t Ls possibie to evaluate the three components of the 
total pressure drop whenever a more accurate void fraction 
corral a fcl on i s aval] able . 


4 , 2 .3 Vnrjp ti on of. fictional ,;k'essj^e_brp.p_wi th pualitx^nd 
Angl o o jf TncJJ na t ion 


Pigu.ro 4 , 1 1A to 4. HO show the variation of 
frjet tonal pressure drop with quality for different 
inclinations for G * 500 kg/m 2 s. It can be seen that for 
the angles oT tncJ ina bton 67.5° and 90° two distinct 
regions wore present. In the first region the frictional 
pressure drop increased with quality whereas m the 
aooond it wns more or loss constant. The flow pattern, 
whore the constant region prevailed was found to he 
onuiflar while the other region to he slug or bubbly flow 




46.0 



Percent Quality 

2 

Frictional pressure drop versus quality for G = 500 kg/m s 




Percent Quality 

Fig 4 11C Frictional pressure drop versus quality tor 0 = 500 kg/m 
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Wi Lli (Too t’oas e in inclination the annular flow pattern, \ 

v^horo a constant region wag observed, shifted to higher \ 

qualities, Similar trend was observed for C = 380 Icg/m^s . ! 

O ■> 

For G = 750 kg/tif's the only region, where the pressure 

: i 

drop increased with quality, was observed for all mcii- 
nations. Figure 4.12 shows the frictional pressure diop 
versus quality for Cr » 125 kg/m^s. As can be seen there 
is no significant change of pressure drop with quality. 

For 0- 90°^ negative pressure drops wore observed in the 

\ 

low quaLity region. Similar trends were observed for 

n 

(i & ?50 and 188 kg/m o, The negative pressure droprweMealso 
oh nerved by otbor investigators (Sped ding et al., 1982). 

Those wol'o attributed to buojrancy forces (Sped ding and '■ 

i 

11 guy on , 1^78), From Figures 4.1 1 A to 4.110 it can be j 

inferred that heat flux baa no effect on the frictional 
pressure rti’op, Shoukri ot al . (1981) hove studied the !j 

oi Coo l of heat flux on the frictional pressure drop. Their ij 

■f 

data also Indicate that the effect is negligible if quality j 

I J 

is 'Less than 8 ij 

i' 

it 

Typical plots, depicting the effect ol 0 on the F 

j 

frictional pressure drop, arc shown m Figures 4-13A to j, 

4.130, The points shown in those plots were obtained from >• 

i \ 

the smooth curvos drawn on tho plots of the frictional l t ij 
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pressure drop versus quality. The effect of angle of 
inclination on the frictional pressure (Iron can be seen 
to depone! strongly on mass velocity as well as quality. 
There appears to be some general trend but it could not 
ho deciphered based on flow patterns. Sped ding et al . also 
observed such behaviour if not very similar. But clear 
understanding of this behaviour and its effect on heat 
transfer needs a detailed study of pressure drop, void 
Pencil on as well as flow patterns simultaneously. 

4 , ? , /) 0 ojnj)nr_i so n jof Da t.a wt th C orr el a ti o ns 

The widely used Baroezy’s correlation and its 
modified version proposed by Chisholm (1973) have been 
shown by fried ol (1976) to be superior to other corre- 
lations. But, Collier (1972) recommended that the Chisholm 
mot hod should bo usod for the property index greater than 
0.01 , Since the property index in the present case is 
about 0.001, the original Daroczy correlation has been 
selected foe comparison for all inclinations. For use on 
computer, the Baroczy graphical correlation has been 
converted to an analytical form for property index of 
1 .37 x 10~ 5 and is given below s 

o , G = ^ fo(G=1356) 
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C "V Co (CM 3%) ~ 1 *7'‘ ) “* 717.8 x - 3810.8 x 2 + 2.1x10^x^ 
“ r} " = ^0“ ^ )(^"1 )/9 + ^ 

J \ ~ 1 .5519 - 0.3993xio" 5 G + 0.30041 x 10~ 7 G 2 

for x = 1% 

A, ( f 1 *796 - 0.873 x 10" 3 G + 0.1792 x 10“ 6 C 2 4.14 

for x = 1 C y,(> 


where (pj 0j Q = two-pbase frictional mul tip] iex based on 
pressure gradient for total flow assumed 
liquid at mass velocity, G, 
and H = mass velocity correction factor. 

Strictly speaking, these equations are valid for 

9 

40/18 ^ G '"'340 kg/m s. Nonetheless, these equations were 
also used even for G = 129 to 250 kg/m 2 s . The frictional 
pressure dron across the pre- evaporator E3, was estimated 
from the equation 


^ o 

(Spl) X o “ ) j f f 0 ( G=1 356 ) ' L ’ dx 

'X L y 

-'I , 0 2 dx 

~~ T* ft -2T) 1 'T f o(G=1356 ) 

0 X i 


4.15 


'"C 

The comparison of the experimental and estimated 
41 PP arc shown In figures 4.14A to 4. 14E for various 
inclinations and the average and mean errors are given 



















(ApF)^p, .'Pa 

i.14E Comparison of frictional pressure drop with the Bqroczy correlation 
for 0 = 0°. 
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in (able 4.4. lb can be seen that the agreement is better 
at hi, her flow rates (failed symbols) than at lower flow 
rnlos. The agreement is also better at smaller angles of 
i ncl j no l ion . At higher angles of inclination and lower 
qualities, the gravitational component is dominant. Since 
the Jvictional component is obtained by subtracting the 
gi avi In bional component from the total pressure dro}}, the 
errors Ln void fraction are reflected in frictional pre* 
nsure drop, 1'hese errors are large 1 whenever the gravi- 
tational component is the dominant one. In addition to 
this negative pressure drops were observed at the 
Inclinations close to vertical due to buoyancy effects. 
This may also have contributed to the spread of the data 
that was observed at 90° and 67.9° of inclination. 

Jhrom the plots and the table (see standard 
dovintjon) it can bo soon that the data are deviating 
svn tarnation 11 y with inclination from Baroczy's correlation. 
J b may ho possible to get a hotter correlation by modi- 
fy ing the Raroczy correlation for inclined cases. In view 
of the uncertain!. by in void fraction, no attempt has boon 
made in this direction. Considering the fact that the 
overall data are within + 50 % error bounds and the 
average error is within 30 % irrespective of inclination 



AVERAGE, TinAH ATR) STM'rpARE JOWIATIONS, OF T HE P RESSURE DROP 
J^2 A .J l ' R 0M THE BArqCZY CQRRETATION 


Degrees 


90.0 
G7 - r > 
/)6 .0 
30.5 
0.0 


Perjp_erit_ 

Lepage 

Deviation 

Mean 

Standard deviation 

30 

- 15 

5.38 

30 

- 5 

4.74 

28 

- 6 

1 .09 

30 

- 18 

0.50 

39 

- 17 

0.42 


Percent 

Average 

Deviation 


Percent 

Mean 

Deviation 


S band nr d 
Deviation 
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(excepting 0°), it may Ip gald that Baroczy's correlation 
1 n ropreson ting the data reasonably well. 


<> 
O A 


I'^b-Ctj on al Mu] fclpl i er 


The frictional pressure drop data were also 
correlated by the Iiockh art -Mart inelli method. liar tin ell i- 
Nelnon (1948) expressed frictional pressure drop m terms 
o I' Iwo -phase frictional multipliers for the conditions of 
hoi I Lng in which quality changes continuously along the 


length of the tube, as 


A nl' 

'( Z>) fo 


1 

‘ ( VV 


f ^ 

f (1-x) 1,75 dx 

'■tf-L. 


4 .16 


The was evaluated at the average quality from liquation 
4 ,16 assuming it be constant as the change is small, 

0 onsid er i rg th at 
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Tho following correlation was 
exponent regression analysis 


obtained using the multiple 

0.2371 



=• 1 + 37.06/ 


yO.63 

h± 


g 0.106 (/) + cosj80+2©)) 




4.‘l8 


The correlation coefficient was 0.88. 

The present correlation was compared with the frictional 
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jit ojnUi o drop data in Fa fur e 4.15, The average and mean 
pci coni devaalion are 26,8 and -8,0 respectively . II; i nay 
bo a oo nil ed bhat average and mean percent deviations 
Lrom the TBoroczy'n correlation are 31.5 and 13.3, 
respectively , Equation 4.1 8' shows that the frictional 
pressure drop depends on mass velocity to the power of 
1.65. The power was found to be more or less independent 
of the angle of inclination. In contrast to bins, 

Lombardi ob Ql, (1972) reported bhc power to be between 
1,4 to 1 ,6 , and Fried el(l 977) reported it to be 1 .46 for the 
vortical a boom-water flow $ while Shoukri et ol. (1981) 
Jndicnbod ib bo be 1.4 for horizontal flow. On the other 
hand S Loner and ScW under (1976 ) reported tho power to 
vary between 1.5 end 1,8 for two- phase flow of nitrogen. 

The cl ose agreement of tho exponent observed m this 
work with bho others may bo considered to validate the 
method adopted for estimation of void fraction m this 
work. The frictional mul bi pliers aro compared with the 
correlation of Shoukri ct ol. m Figure 4.16. The 
agree men b is good at low mass velocities where annular 
f 1 o v/ w a a pr ov a 1 cn t . 

4 .3 FLOW PATTE RN MAPS 

Heat, mass and momentum brans for in bwo-pbase 
flow arc known to depend on flow patterns, Hsu and 
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OiMlinm (1976) and i-ecenbly Weis man (1983) have summarised 
l.hf' nlehia or bhe field. Moot oC the literature deals with 
Uk* I low pa Uornn either in horizontal or vertical .Flows. 
Only r oo('n Lb the studies havo been reported on flov/ 
nn l. terns m Inclined f j ow (Speddmg and ITpuyen ^1 930-; 
Wotnrnmi and Kangdi 981; B a rnea et ai,/l930). The flow 
pal loins in CJ ow boiling could be different from the 
nOiabalic! coho (Hsu and Graham, 1976) and the data for 
Inc I Inod flow boiling arc nob available. In this section 
till' f Low pn b born data are presented which were observed m 
Lho glass noobion (T) (soo figure 3.1). At the oubset it 
may bo poinbod that no attempt was made to cover all the 
la-ana I b ion ranges, rath or, the flow patterns observed 
during tbo hon L transfer runs are reported. 

Per simplicity, the flow pattern is classified as 
•'Vnimlns, intern'd lloni, separated, bubbly and dispersed, 
Those wore dip lingulshocl from each other as described 
ho lows 

Annul ar Wow”. In this pattern continuous liquid film 

Y «•> ♦» > +■* rrh. y* ** 

■was neon on b on the wall with vapor core and the flow 
wop steady and smooth. At high liquid velocities bubbles 
wore also scon in the liquid film. In horizontal and 
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hie I Inofl 
lop ll mn 


on:: on morn "bubbles 
nt bbo bottom side. 


were seen in the film at th 


e 


lion! Flow ; In this flow, the collapsed bubbles 
rnlher than slugs of vapor were seen. This includes the 
churn' flow referred in the literature, 

opjnyi led 11 pw ! This includes separated wavy flow. In 
bills pattern flow of liquid was observed at the bobton 
aide and vapor ab the bop side with either plane or wavy 
l n lor Paco, 


Hubbly VI ow! 'I'ho vapor Phase was seen distributed as 
discrete hubb] cfj m a continuous liquid phase. In vertical 
Plow hubb] c;:j wore seen distributed more or less uniformly 
-'cross Ilia cross section. In bhe other oases asymmetric 
d 1 a t.r Ihull on with more bubbles on the top side wore seen. 

The Plow pattern maps arc shown in Figures 4.17A to 
d .1710 oil the plots with V" and V ~ as coordinates for 
all tnol Lnn lions , Thu transition lines, which are shown, 
wore obtained from the generalised maps proposed by 
Wot: <man and coworkors (1979, 1981 ), It can be seen from 
the plots that most of the observed patterns wore either 
annul nr ov intermittent with a few points corresponding to 
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r 

1 

riopniMt-od wavy and bubbly flow. The dispersed flow was ( 

not aha oi'v od in this study. '* 

i 

ii 

I 

,hG transition from intermittent to annular appears j 

to L i tie c plaoo above the line given by V/eisman and coworkers 
(1079, 1 9G I ) » On the other hand, the line di awn based on 
the model proposed by Taitel ct al. (1980) for vortical 
onso t,n clone to the transition observed in the present 
Worh » Thin Jra true for all other inclinations as well , 

The data Indicate flint the transition from intermittent to 
annular in relatively unaffected by angle of inclination I 

which in In agreement with the observation of Vie is man and ! 

ooworlrorn (l979, "1981). Tor the inclinations 0°, 30° and 
/ |h <1 the wavy How was observed and the data points foil r 

In U\u IwU'VTivlbtoivt region indicated by Weis man and Kang. 

f 

The bubbly flow was observed only m few runs and > 

the (uvaaosnondlng points on the flow map wore observed to ? 

be Jn the ‘lower part oP intermittent region of Wo is man and , 

ooworkora (1979, 1981 ). In "this region any small change 
in quality resulted in n largo upward shift of points on 
the plot. Small errors m quality could Imvc resulted m 
the shift above the transition line. Since two-pnas w 

rl 

mixture in entering tho glass-section from boiling zone 1 

i 



112 


t lie* hiibb! on detached at the wal] were carried along the 
'1 which otherwise would have formed slugs after 

n bubj! l^a U on , 

finally , tt may bo said thab the annular to 
Jn l,o mil l Lent transition Is not significantly af looted by 
I, ho nngl o of inclination as obsori ed by Weisman and 
coworlcovfi ( 197*9, 1981 )♦ The separated wavy flow appears 
to pen's I fit from 0° to 45° inclination. The 'anomalous* 
behaviour of flow patterns in«half inch line reported by 
Woiomnn and ooworkors was not observed m flow boiling. 



CHAPTER 5 


C ONUliUSIOHS 

Two -phase pressure drop and Plow boiling beat transfer 
wore studied in a Lube inclined at 0°, 30.5°, 46% 67*5° and 90° 
Willi respect to horizontal using water as the fluid at atmospheric 
pressure in the range of liquid flow rate qualities and heat 
duxes one on n bored in solar systems. 

The boll jng bent brans rer data indicate that both nucleate 
and oonvoo I.ivo hoot Lrano Cgp arc significant m the quality range 
covered In I ho present study. When the flow patterns were bubbly 
or in to I'm I Lion l, heal transfer coefficient -varied with the angle 
of iuol hiatlon ntid paaood through a minimum value at about 50° • 
Tills bind o f behaviour can ho attributed to the variation of void 
distribution with Incline lion; which in turn resulted m circum- 
ferential variation of contributions due to nucleate boiling and 
two -phase oeuvre live transfer. In annular flow, the variation 
heal Irani. for coofflclenl with the angle of inclination was found 

to bo not very sign I Picatil. 

It wan found that the Chen correlation (1966) represented 
the heat trnnoCor data in vortical flow boiling better than tho 
Dong-1 ov -Add own (1956) and Bjorge et al. (unpublished) correl 
The Ohon oor coin lion was extended for inclined and horizon! 


114 


cmmp:; owns i dor mg bh<U both the S ana F functions depend on the 
niu'^ o ol M'ol i tint, ion . 'Hie av or ago and mean deviations between 
Uio (' r i won 1 a ) ai'd 111 r estimated usung the extended Chen 
co i’ re I a 1 . 1 on wore <).2 % and 0.84 % t respectively. 


A.n l/hc vo ore no reliable void fraction correlations for 
inclined How boiling for computing the frictional pressure drop 
(Vo m Liu to la l pressure drop, an indirect method was employed for 
i bfi ova limb ion. OP bho fractional pressure drops computed usme 
blio ac-vi ra.l void Cracblon con el at ions for the vertical case, 
bin pi ofinmv drop computed using the Duiglor-Addoms (1956) 
corrv! a b i on gave close agreement with the well known Baroczy 
(1%b) eorrel n bl on . ITnicc, this corrcla ti on was modified for 
bid iuo<l Plow by applying the correction factors proposed by 
Rrggri and Brill ( 1 975 ) and was employed to compute the frictional 
prenoiuv drops. 


Tlic> no tutu of change of fractional pressure drop with 
(jnnlll.y wan Pound bo depend on the flow pattern. In annular flow, 
JY j obi i nuil proiifiUTe drop with quality was rather less than in 
in Iona Lt Ion b Plow. The variation of the frictional pressure drop 
with the angle of inclination was observed to depend very 
strong by on mans velocity and duality. Heat flux was found to 
have no e Pilot on frictional pressure drop m the present range 


of h Uudy , 
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II is I'oimd that bhu Bar oozy correlation could fit most 
of Un' fr icbLonAl pressure drop data within the error bounds of 
+ r iO /o for n 1 J tnc3 j nations . Tho lockhart-Mar bmclli method of 
covrclnU on wan also attempted. The lockhart-Martind 13 frictional 
multipliers -wore cor re] a bed with mass velocity, two-phase 
par- into ber and the angle of inclination using the exponent multiple 
r ogres « i on analysis . The data could be correlated with coverage 
and moan dev inti ons of 26,8 % and -8 %, respectively. 


The How pattern observed during heat transfer luns were 
presented and ooinpnrod with the transition lines suggested by 
Wo Inman and oaworkors (1978, 1980. Most of the data fell in the 
annul. a? 1 and Intermittent zone. 11 was observed that the annular 
to In tonmLttonl transition is net significantly affected by the 
angle oC inclination, 

rpho void fraction, pressure drop and heat transfer 
ooj' roJ s U ojin proposed in this work would be useful in the design 
of no3 nr syn toms involving flow boiling in inclined tube**. 
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apotihx a 

U1 * ■*" •* ^ J _ 

(;tu ' n r ’ ,tvu Llj ° Io) ]ov/infi iterative method for the 
r>v iln H Ion ol (uup lions P and S, The initial estimate of P was 
ol> I. lined by plaiting (h^p/hj,) versus M/X^) and drawing a bent 
I’ll (Mirvo. lining thin estimate of I, h N was computed from 

Lon p ‘ ] an<l B versus (Re.P 1,25 ) was plotted and the beet 
owt'vo wan (I I'fvwu , Using Iho first estimate of fc> , P was computed 
nr<l roitl olloil l,o gel trim second estimate of P. This procedure is 
reivolnl uni i I T' nnd ft values remained fairly constant. 


flio above pr ’icoduro has been adapted for computer 
on Ion I nil on. The following algor: thm was used to compute 0^, 0 
(h ( and for each of the inol j nations , 


Q ) CuMpuU 1. * ( Iitjip/hp ). for is=1,K, N is the number of 

noinln for an Inclination, :f it is the f: rst iteration? 

<« 11 n vv Iso », ■ 

h_p - R , 0, -log [ R 0 iqI - 25(0^2 log 1/X tt |hJ 




for t = 1 ,N 


(li ) From Iho above act oC J ±t compute the constants C 1 and 
(J of Equation 4.6A using the mothod of least-squares 

r 

willi appropriate weigh tag os (the criteria used for giving 
weigh logos In given at the end) given to esch point and 
excluding Iho points for which i’>1. 
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(I i I ) 


( t v ) 


Ooinputo ‘ r »j from the equation, 


f! 


‘fP 


h f 10 ' 1 


(C H 1 0, log 1/X tt ) 


h 


N 


for l = 1 


L -J 

From the above net of S^, obtain and of Equation 4-.6B 
l\y the method of least squares with weight age given to 
each poLul and excluding the points for which S <0 or S > 1 . 
.‘jU'pn(l) to (iv ) are repeated until the average deviation 
iviiinhiod more or less constant from iteration to iteration. 


tilling the l 1 ' nnd S curves obtained from the above algorithm 
an r< tVi'meo curvan, the constants , Cg, 0^ and were refine 
mcornor it lug a rejection criteria in the stops(ii) and (iv) of 
tin algor 1 Urn. According to this rejection cntcrin ; tho s and 
« i ft delating hy more than ,t 60 c /o from the refer once curves 
were i i J. eted m evaluating the constants. This method of 
t ..,| inumntt gave the low os L least-square error. 


.UM-’iS?/ 

Tin' range between fho minimum and maximum values of 2 tb 
,n divided Into 20 equal intervals. For each point ( or S. ) 
l an Interval n weigh tago ^ was assigned, whe3 c W j _ 1/n 
J„ the number of points in the interval. Ibis was done as the 

tints arc unevenly distributed over tbr range of * L f 


appendix b 

ilea Jbramsect mm. 

woo v el oo j by, kg/m 2 s 

mayfi vapor quality at the axial location of 
thermocouples of the beet-section , T2 
Tiookhnr t -Mar binelli parameter 
hos l riux., tcVZ/rn 2 

i\v ovnpo of' inner surface temperatures, °C 
liquid Lemperniuro obtained hy linear interpolation 
of I, ho Inlet and outlet liquid temperatures of the 
boa t -s notion, °G 

bwo~pTmoe heat transfer coefficient, "W/m 2 °o 
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in 

81 ' 

5^2 

m 

1?6 

069 

i 

769 



66 : 

..m 

8:M 


m 



114 
109 
1 06 
114 
109 


109,97 103 

1 : m 

110. 57 102 


106 

m 

m 


* * i 

u 


12 

>3 


2 

24 

99 

55 

54 

36 

46 

26 

40 

96 

93 

02 

02 

42 

30 


18 4 


3 
03 
0 

10 


8 . 

Vi 

87 

7 
4 
3 

8 

1 63 ;98 


102 . . 

181:| 
102.6 
10 ' 

10 


f * * V V 

:i:l! 


103 

104 
10 
10 
10 . 
103 

103 



W:tt 181:11 iittf 


n 


79 

15 


fill 


41 

0 


33 


22165 

20467 

17441 

20376 

18762 

16061 



54' 
33< 

. 9028 
22097 
21424 
21262 
21776 
20332 
20020 
19029 
18128 
16542 
17867 
16955 
16032 
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HEAT TRANSFER DATA 


ANGLE OF INCLINATION * 67.5 


5 .NO . 


G 


1/X 


tt 


q/A 


Wav 


h 


TP 


51 

52 

53 

54 

55 

56 

n 

59 

60 
61 
62 

63 

64 

65 

66 

n 

tt 

72 


1: 

II 


73 

4 

5 

6 

H 

79 

80 

n 

83 

84 

85 

86 

87 

88 

8^ 

90 

91 

l\ 

94 

95 

96 


3fi:l 


384 

384 

378 

386 

386 

383 

378 

380 

383 

380 

375 

370 

375 

378 

378 
380 

\tt 

379 
378 



IM 

149 


,035 


l V A ? 

:Ul 

007 
007 
034 

jh 

8:818 
,022 
,025 
,023 

m 
,018 
,014 


1.399 
30 

a 

799 


hi 


m 

I 

,.370 

: m 


229 

in 

943 

625 

844 

745 

599 




52 

225 
123 

224 
126 

2 I 4 

126 

51 

232 

222 

226 

22^ 

230 

225 



III 


m 

227 

124 

49 
221 
124 

50 
222 

l il 
22 ' 
22 
2 


226 

224 


223 

223 

219 




106 

114 

109 

105 

U 

It 

a 

114 

114 

115 
115 
115 
115 

ill 

hi 


IJ 


0 

4 . 
89 
18 
98 
89 


9 

2 

£ 

i 

>o 


, ii an 


$1 

30 

14 

12 

11 
97 
47 
59 
7 6 

Ii 

tt 

42 


103, 
102 
102 , 
102 
102 , 
102 , 
102 
102 
102 
102 , 
103, 
103, 
103 


102, 


102 

102 

ill 


17655 

19319 

17376 

15837 

16966 

15811 

13964 

14618 

13674 

9806 

20389 

19721 

19100 

19593 

19384 

18373 

\m 


... J75 
17954 
16956 


} 40 1 
. >789 

IM 

14927 

U 111 

12077 

10562 

16000 

10792 

8102 

16973 

16658 

16026 

16633 

15964 

15809 

16093 


1591 
15969 
15979 
15886 


97 

9 


,2 



’°n 



115.85 



116.6 



6978 



C ont & t . • • 


. 130 


HEAT TRANSFER DATA 


ANGLE OF INCLINATION a 67.5 


8. NO. 


1R9.3 

183:1 

187.5 
186.3 

186.3 

189.3 
182.8 
189. | 
188. 1 

189.9 

189.3 

192.3 

193.5 

193.9 

187.9 
189.1 

190.5 


127.8 

126.9 

127.1 

127.1 

127.1 

125.9 
125.9 
125.7 
125.9 

124.2 
124.2 


124.2 

m 

125.1 

If : 

127.1 


:U§ 

8 : 4 « 

8:8?? 

8:8 il 

3 : 8 ?!! 

0.008 

8:888 

8:893 

oloel 

8 : 81 ? 


4.302 

HU 


129,9 




* » SI' 

If 


226*0 

'if:? 

?li:I 

*88:3 


7 ^ ♦ i m v 

106.4? 

116.6* 

111 : 1 ! 


13078 

11356 

15505 

Hill 

15675 

10472 

8349 


15702 

15723 

15933 

15417 

15300 

14433 

14409 

14387 

14489 

14374 

14592 


14528 

12069 

10391 

l M 

14505 

9909 

8736 

15053 

10052 

5880 

14090 

14188 

\ili\ 

14288 

1382 ? 

14670 

16114 

15835 


I 

1 


HEAT TRANSFER DATA 


ANGLE OF INCLINATION * 46,0° • 


i> « N 0 • 


1/X 


tt 


q/A 


Wav 


TP 


1 

2 

3 

4 

5 

6 
7 

a 

9 

10 

it 

12 

13 

14 


761.7 

756.9 

753.9 
73R.7 

||#:l 

7 43*2 
753.9 
746.3 
746.3 

769.1 

769.1 
766.0 


0,004 

0.003 

0.011 

0,011 

0,010 

0.014 

0.014 

0.014 

0.010 

0*049 

0.019 

0.009 

0,008 

0.008 


0.198 

0*467 

0.457 

m 

*: t 

m 

m 


nv.i 

la?:? 

49.5 

227.5 

Hill 

slits 

*H:! 


}H:H 

118.71 

114,38 

109.60 

118,19 

113)13 

108,97 

116,77 

112*64 

108.86 

122.18 

117.35 

110,70 


103.32 

103.03 

106,14 

105.90 


181:12 


106.03 

105.79 

107,21 

106.87 

106,27 

106.62 

106.09 

106,00 


14066 

11390 

18150 

15781 

^049 
18858 
15994 
23800 
22964 
19619 
14757 
11890 
10864 



HKAT TRANSFER DATA 


ANGLE OF INCLINATION s 46, 0* 



104 

104 

103 

105 

104 
104 


10 _ 

181 
104 
' 4 
4 


A W 
1? 


103 

103 

103 

103 

103 

m 

103 

103 

103 

103 

103 

103 

181 

103 

103 

181 

103 

103 

103 

103 

103 


80 

69 

36 

38 

25 

8? 

56 

11 

18 

52 

41 

35 


h 

TP 

21325 

21078 

20229 

i?m 

17564 

18102 

17990 

17967 

17148 

17992 

17949 

20820 


96 16833 


B*. . _ 

16914 

12346 

10295 

16524 

13469 

10479 

15652 

13840 

11792 


22 




? lli? 

If 

238.4 

l l : 
?«:* 
214:1 


111:11 

!?!:« 

115*57 

108,36 

mi 

12,68 

i m 


103 

103 

102 

103 

102 

102 

102 

102 

102 

102 

102 


M 

76 
84 
90 
66 

18 

181 : 1 ? 


14019 

m n 

18111 

9503 

15885 

10892 

9250 

17860 

13059 

9805 

14781 
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ANGLE 

OF INCLINATION * 

46.0 

s # n n * 

G 

X 

1/X 

q/A 

w ■ 

1 

t 

T 

"h"" 




tt 



Wav 

b 

TP 

loT 

124,5 

0,077 

W ^ -rn ymj >«* IP 

2,968 

229,2 

m v> 

11 

.9,10 

103,52 

bp W W ** * 

14713 

102 

U 1.7 

0,061 

2,367 

224,8 

11 

18,68 

103,45 

14800 

103 

135,2 

o.oeo 

3,060 

239.5 

1 

19,25 

103,57 

15274 

104 

no, 6 

0,063 

2,438 

240,3 

l 

18,86 

103,43 

15585 

105 

117,5 

0,048 

1,889 

233,1 

1 

Isis! 

103 42 

15457 
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HR AT TRANSFER DATA 


ANGLE OF INCLINATION * 30.5° 





1 

2 

1 

4 

S 

b 

7 

8 

y 

10 
n 
12 
1 3 

14 

15 

1 6 
17 
1H 
iy 
?() 
?1 
n 

?3 

24 

25 


776,7 
753.9 
701 


701 
738 
7 3 8 
738 
71B 
741 
746 
7?7 
734 
71? 
718 
761 
7 49 
770 
765 
75b 
765 
765 
776 
"»5 


752 


0.005 
0 .005 
0.009 
0.009 
0.009 

S:8?l 
0.0 
0,0 
0.0 
0.0 
0,0 
O.o. 
0.01 
0.03 
0,01 
0 , 01 . 
0.009 
0,009 
0.010 
0.008 
0,007 
0.008 
0,007 
0,006 


l 


o.„ . 

0,416 

0.384 

0.386 

§ :m 

S:lil 

I:??! 

0.705 

0*721 

0.650 

0.511 

0.540 

0.445 

0.407 

m 



234 
126 

50 
225 
127 

2^5 
127 

51 
224 
129 

A\ 

223 
219 
219 
218 

217 

218 
218 
216. _ 

uh\ 


229 

229 


m 
108 
116 
112 
108 
116 

U 1 

112 
108 

I!?.. 

15:1 

11 ? 
117 
135 
116 

11 ? 

117 

118 


68 

62 

33 

99 

36 

86 




9 

70 

86 

35 

85 

30 

39 

0 

1 

II 

n 

82 

46 

46 

51 

00 


104.24 
104.02 
103.64 
105,54 

105.24 


105,87 

'05.63 

07.09 

06.33 
05,99 
06.51 
06,19 
06,26 

06.33 

05.86 

05.66 
06.23 
24,15 
05,03 

04.87 

05.09 

04.66 
04,32 


TP 

■ 94 * ■ 

1*230 

i mi 
KZK 


m :» mn 



201 

669* 

)l 

227^8 
21894 
18505 
20130 
18606 
17906 


18883 

18400 

16919 

18460 

17845 

16809 


477*$ 

526,9 

5?9.9 

tnU 


9?2. | 


• 4 


5Q< 

52( . 
529,9 


0l005 

mt 

|:1 
o.or 
o.oh 
o.of 
0 . 0 ) 


,436 


130, 


130, 


223, 



49, 


104 

105 
104 

104 

105 
104 
104 

ill 

103 


17 14685 


5( 

26 

85 

57 

04 

80 

53 

II 


181:11 

U5 -I1 


9‘ 

87 

04 

?, o 


7 

36 



1211 

Hill 

mil 


IP 

15674 


50 377.5 


0,033 1.310 227.8 117.30 


105.04 18602 
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UK AT TRANSFER DATA 
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5, NO 


ANGLE OF INCLINATION a 30.5* 


01 
U? 
0 3 
04 
US 
1 Ob 
107 
OB 
00 
10 
U 
12 

13 

14 

15 
lb 
17 

118 

19 

20 
?t 


22 

23 

24 

25 
2f> 

127 

128 

29 

30 
131 

12 

33 

34 

35 
3t> 
37 

IS 

40 

41 

42 

43 

44 
.45 
146 



197.7 

191.7 
195.3 

m 


194 
20 3 
95 
91 
91 
91 


1 

6 
3 

V 

7 

_ _ 7 

91.7 

95.3 

92.9 

92.9 

91.7 

91.7 

91.7 

89.3 
199.3 
'91 .7 


34.0 
30 H 6 

Vki 

8:1 

32.9 
?Q.6 

28.3 

Ikl 

18:1 

29.4 

25.9 
“ ,6 



I?:! 


o:o5§ 

3:814 

0,030 

0.028 

8:831 

8:M? 

hn 

0,055 

0,043 

0,035 

0.043 

m 

m 

0,020 

0.086 

0,078 

0.066 

0.028 

0,069 

0,054 

0,047 

0.039 

8:Sii 

Volt 

0.004 

0.083 

0,070 

0,061 

0,078 

I'M 

8 : 81 ? 


2 

1 

m 

1:1! 

1 


l:W 


0.356 

1.861 

IM 

m 

8:881 

S:SSS 

|:J|i 

Utt 

:M 

1.519 

0,940 

1.321 

1,134 

0.825 


800 

582 

140 

III 

541 

450 

302 

1 SI 

21! 

366 

008 

I 

m 


>8 

f 5 


229 

229 

135 

52 

229 

134 

52 

l i 

22 


M 


228 

228 


11 ?:? 

227 


A A f » f 

15?:? 


117,12 

118.54 

114,65 

mi 

5.29 
1.34 

§•29 

7.87 
7,99 
7^4 
7.81 
7.74 


2.37 

|:| 

?: 1 

6.91 


j ii 


* V 

il 


us 

loe 

7 

.0 

108 

l \ 

7 

115 

m 

118 

118 

IS 

118 

i\\ 

H 

H? 


U 

22 

05 

51 

57 


i 

88 

14 

ii 

ii 

60 

84 

28 

18 

n 

70 

15 


18 Hi 

103, 
103, 


181 

102 

103 

103 

103 

103 

103 

103 

102 

.03 


L 02 
103 
103 
103 
103 
103 
103 



10 

10 

10 

10 


18 


46 

36 

24 

06 

lh 

it 

08 

72 

58 

50 

53 

44 

3 ! 

0 

7 

n 


Hill 

18288 

16829 

12373 

18881 

iHIl 

1 5854 
5768 
6075 
5862 
15927 




1 

)7 

1634 
15611 
11233 
11558 
16653 
11371 
8244 
15583 
15088 
15200 
14918 
14680 
15180 
>6 


1 : 1 ! 


1 Ml 

mu 
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HEAT TRANSFER DATA 


DMMlWllMMKMWWtkMwni 

UNO. (i 

IN <fl M MM 


ANGLE OF INCLINATION a 30. 5* 


51 

52 

53 

54 

55 

56 

U 

59 

60 
61 
62 

63 

64 

65 

66 
67 
66 

69 

70 

71 

72 


71 

74 

?i 

77 

78 

79 

80 
81 
8? 
83 
8-1 
86 
86 

87 

88 

89 

90 

91 

92 

93 

94 

95 
9 b 
97 


191 
377 
389 
18 1 
187 

\U 

387 

187 

384 

377 

36h 

362 

383 

381 

362 

JR7 

358 

lb2 

195 

195 

403 

395 


337 

268 

254 

254 

251 

264 

244 

2b0 

256 

256 

260 

259 
254 
246 
270 
268 
262 
254 

260 
250 
232 



26 

266 

266 


0.031 

0,033 

0.029 

0,027 

0,026 

0,017 

0,015 

0,013 

0.005 

0.002 

0.000 

0.032 

m 

0,021 

0.016 

0.024 

0,0^2 

8:8H 

8:8ii 


.027 

.045 



J:*Ij 

8:8oi 

0*001 

0.002 

0.054 

0.043 

0.034 

o*or 
o.o: 
o.o: 
o.o: 

0.019 
0 . 0 1 4 


1.214 

1.297 

|.134 

1.077 

i .065 
0.699 
0,640 
0.565 

0.122 

m 

kill 
: II 

0.967 

0,906 

8;|?f 

8:31 


556 

m 


93 
702 
609 
228 

8 : 81 ! 


45 

02 


05 

6 


129.0 
51.3 

228,? 
140 , 3 

226*0 

l M 

229.5 

130.5 
52.6 

226.8 

232.5 

226,8 

224.1 

230.7 

225.5 

224.8 


112.42 

107,96 

117,00 

Ml 

1:11 

, 5,27 

*1:11 

8:81 

7.78 

7 , 5 , 
7,99 
7,66 
7,74 
7.95 


118, 

114 , 

108 , 

11?' 

101 


117 , 


104.88 

104.80 

104.86 

' 04,54 

04.37 

04,75 

04.60 

04 , 3 ? 

81:11 


105.04 

04.64 

04.63 
04.47 

04.64 
* ' '4 


8 


81:1 
8!:H 
83:81 


104 

104 

104 

103 

104 
104 

03 

04 
04 

81 

81 

03 

03 

03 

03 

03 
0‘ 
0 

04 
04 
04 
04 




8 

^0 

8 

l\ 

82 

20 

)l 

97 
22 
76 
92 
99 
73 
73 

98 
73 

7 

3 

08 

04 
17 

05 


ul?8 
18808 
17787 
13991 
18404 

I!??? 


17732 

18881 

16855 

17430 

itiii 

16855 

15700 


16885 
16195 
.2828 
1600 


14 / 7 ; 

1818? 


,6194 

6242 


,7381 

7605 

.8682 


98 

99 
100 


18&«2 

III:? 


8:881 

0,058 



2*: 251 




, 03.66 10524 
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HMT rUANhPKB DATA 




ANGLfc; nr inclination = oo.q ( 


,138 




l 

/* 

j 

■1 

*1 

fl 

/ 

H 

9 

10 

u 

u 

1 i 
1 1 
lb 

17 

1H 

iy 

?0 

?1 

22 

23 

2 4 


700.0 
7b? . () 
Ml./ 
7 58,4 
7b«. 1 
7b«,4 
740,3 
747 , H 
740,3 
740,3 
7b 1 ,b 
7 b 2 * 4 
740,3 
75b, 9 
7}5.b 
747 , 8 
73H.7 

740.2 
747 , 8 
74b, 4 

751.8 

747.9 
740, i 

749.3 



0.013 

0.013 

0.012 

0.010 

0.009 

0.009 

0.007 

0,008 

0.007 

0,004 

0,003 

0.003 

0,013 

Ull 

8 : 8 J § 

0.008 

0.009 

0,008 

0.006 

I’Tol 

0,004 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


552 

534 

509 

422 

378 

403 

306 

343 

333 

184 

163 

146 

K! 

til 

m 

m 

I® 

i§ 


236 
133 

55 

237 
138 

53 

237 

130 

51 

229 

128 

50 

223 

229 

223 

227 


>28 

230 

I?! 

228 

230 

227 


117.50 
112.89 
108.94 
117*43 
113.15 
109.68 
118.09 
A 1 3 « 5 b 
109.21 

115.96 

113.73 

108.75 

115.75 

115.97 

115.73 
116.05 
116*29 
116.86 

116.33 

116.34 
115.47 
116.38 
116.02 
115.67 


106,41 

105,84 

105,03 

105,79 

105,30 

105,23 

105,40 

105,29 

104,91 

'04.58 

04,64 

04,19 

05,98 

05,86 

105,09 

05,94 

05,52 

05,46 

mi 


21367 

18972 

14193 

20436 


12021 . 

18720 

15584 

11985 

20136 

11134 

PJH 

21014 

22549 

21408 

20031 

31818 

21248 

20U9 

um 


2b 
26 
27 
?H 
2'7 
30 
U 
32 
3 3 
34 
55 
3b 

37 

38 

39 

40 

41 

42 

43 

44 
4b 

46 

47 

48 


49 

50 


«!•» 


3 

522 
52 0 

11? 

nt 

523 
522 

519 
522 

520 
520 
520 
517 
510 
507 

504 

505 


ip 


67 


0,023 

0.020 

0.019 

0.018 

0,013 

0.012 

0 1 0 05 

8:881 

0,022 

0,019 

0,017 

0,020 

0,018 



m 



? 1 : 8 I 

111.24 

107.73 

114.79 
111. 56 
108.18 
114.4? 

112.41 
108.04 

114.73 
114.76 
115.17 
113.82 
116.20 
116.67 
116.01 
116-09 

116.42 

115.73 

115.80 
116.88 


116.95 

112-19 


’X * f V 

\l'M 


i ** ^ 
:» 


? 8 f?S 

MB 

18560 

14460 

21205 

16549 

11946 

21535 

14797 

10600 

22663 

21800 

20968 

mu 

18550 

20357 

19962 



196L 

192V 


18173 
16110 

tmmmmmmmwm* 
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HKAT TRANSFER DATA 


ANCLE OF INCLINATION s 00,0 


0 139 


vS.NU, 


(i 




*51 

S2 

vi 

f>b 
SO 
r ) / 
r iU 

59 

60 
fit 
62 
h3 
04 
66 
60 
67 
64 
60 

70 

71 
7 2 


370,1 
37 3,4 
37 b,/ 

370.0 

373. 4 

370.7 
374,3 
37b, 0 
37 3,4 
37*5,0 

380.0 

371.7 

Hi: ! 
Hi:l 

368.5 
371 ,7 

370.7 
37b, 0 

In:; 


1/X 


03 

,02b 

,021 

,027 

,020 

,019 

.012 

,014 

-012 

,U0B 


tt 

tmm f 

185 
040 
012 
9R8 
634 
593 
555 
265 
192 
~5 
3 
6 
881 
08,5 
855 
730 
837 
781 
522 
614 
53: 


q/A 


50,8 

228.8 

*??:? 

228,5 

l i?:! 

223,7 

l it'l 

229lo 

229,4 

729,0 



8:313 


228,7 

226.4 
227,9 
228,6 
228,6 
226.6 

229.5 


Wav 

*«>««' . 

1U7.40 
116.28 
112. 01 
107.40 
116.6b 

112.75 
108.17 
118.71 
113.61 

108.8b 

116.69 

116.86 

117.33 

116.21 

116.99 

117.30 

115.10 

115.1? 

116.75 
114-38 
114.94 
115.07 


03 

03 

81 

03 

.03 

103 

03 

.03 

10? 

105 

103 

103 


_03 

103 

103 

03 

03 

03 

03 


34 

62 

71 

58 

75 

54 

28 

41 

51 

79 

19 

67 

62 


76 

17 

68 

37 

a 


TP 


12586 

18126 

15703 

13217 

17761 

14095 

10631 

14626 

12702 


19842 

17456 

16768 

Bill 

16949 

19027 

19906 

17365 

19970 

19737 

19147 


73 

74 
7b 

76 

77 

78 

79 

80 
81 
82 

83 

84 
fib 
ftb 

87 

88 

89 

90 

31 

93 

94 
9b 

96 


252.6 
2 46,6 

247.8 

244.2 
24b ,6 

248.4 

246.8 

m 

240 1 0 

241.2 

246.0 

245.4 

243.0 
2^4.2 
2 43,6 

241.2 
243.0 

244.2 
2 44,2 

243.6 

244.2 

245.4 




m 

m 

130^6 

a 1:1 

!•:? 

HU 

111:1 



228.. 
2l§,6 


i|l:* 

1 : 

225,8 


118.34 

113.47 

108.23 

118.73 
114.62 
108.07 
118,3b 
113.7/ 
107.5b 
117.99 
115.86 
109.00 
118.22 
118 . ey 

118.76 

118.02 

118.59 
118.64 
117.79 
118,16 
118. 5U 

117.73 

117.60 
117.59 


103 
103 

13 

13 
10. 
103 
102 
102 
102 
102 
103 
103 
103 

101 

102 
103 
102 
102 
102 . 

l°ohl 


34 

15 

16 
07 

j 

90 

26 

99 

61 


11 

! I 
01 
53 
66 
87 
89 


15127 

12748 

10266 

14515 

12109 

10045 

14555 

1268' 


15050 

10110 

7502 

15075 

15165 

14638 


14073 

15412 

15007 

14717 

15154 

15366 

15486 


97 

98 

99 
100 


*8* 

179 


5:e 

3:331 

m 1 

9 I 2 

8:814 

hill 2 


8*4 

52;0 


118.72 

113.95 

108.00 

118.8b 


ll 

_ . . J6 

102.89 

103.10 


14308 

12726 

10214 

14254 


Contd , « * % 


UK AT THANBFKK DATA 


ANGLE UF INCLINATION * 00,0*° 14Q 


s • n n « 


l/x 


MtwM ,*«»to*l»*******m*»M'MiMf 


tt 


q/A 


W*v 


101 
102 
to i 
104 
to 0 ) 

I o <> 
107 
10U 
100 
no 
111 
112 

113 

114 
lib 
lib 
117 

II 8 
1 1 y 
120 


121 

122 

123 

124 
12b 
l?b 
127 
1?H 
120 

130 

131 

132 

133 

134 
13b 

It? 

1 3 H 
1 30 

140 

141 

142 

143 

144 


lit 

iU 

m 


1 /U.O 
1 6 7.6 
10b. 2 
lOj.b 
1 0 W • 3 
10 3, b 
102.0 
102,0 

178.0 

100.4 

no, r» 

170.2 

128. 0 

177.5 
10b, 0 

187.5 

183.4 

183.4 

182.2 
181 ,b 


128,2 

128.2 

130.6 
130,0 

129.4 
130,0 

123.6 

126.5 

126.5 

124.8 

125.9 
124.8 

125.3 

125.3 

125.3 

124.5 
124.8 

124.8 

121.9 

126.5 

125.9 
125,9 
125,9 
125,9 


M: 
18 : 
183:8 


TP 


04y 

049 

04/ 

025 

024 

006 

002 

000 

06.9 

061 

054 

060 


38 

m 

022 

014 


097 

091 

087 
070 
066 

IS? 

031 

028 

009 

00b 

003 

102 

088 
075 
088 


.54 

055 

046 

025 

033 

025 

015 


11 ! 



113.83 

107.67 
118.94 
114.3b 
107.60 
118.26 
11?. 5b 
107.98 
118.63 

118.68 
118.75 
118.36 
118.41 
118.86 

118.15 
118.3b 
118.00 
117.82 

117.15 
116.7/ 


118.74 
113.31 
107.36 
118.43 
113.22 
107.96 
117-79 

114.65 
108.70 
117.09 

114.76 

109.65 
118.11 
118.01 
118.33 
117.78 
118.73 

118.76 
119.82 
119.81 
118.56 
118.87 

118.75 
118.24 


121 .92 
115.54 
108.16 
122.35 
115.65 
108.49 


403,16 

102.91 

103.04 
103.06 

102.91 
102.85 
102,19 

102.05 
103,25 
103,36 
103,41 
103.27 
103,22 
103,12 

103.02 
103,08 
102,88 
103,14 

102.92 

102,88 

103.03 
102,71 
102,74 
102,68 
102.51 
102,99 
102.78 

102.74 
102.45 

102.75 

102168 

181:18 

102:97 

181:84 

181:44 

i 8 l: 8 l 


103.10 

103,07 

!:? 


12000 

10848 

14368 

11600 

11107 

14424 

12112 

8407 

14384 

14551 

14463 

14719 

14467 

13963 

14433 


,4424 

14951 


14184 

11950 

10887 

14200 

11837 

10109 

14881 

10579 

7871 


,0421 

7157 

14718 

14714 
14324 
15061 
14111 
14062 
13406 
13370 
14535 
14201 
14254 

14715 


11651 

10112 

9305 

11489 

IWo 


Co n t d « $ 9 » 


UK AT TRANSFER DATA 


ANGLfe! OF INCLINATION = 00.0 


MM( Art 4M 

rt.wn. 




1/X 


tt 


q/A 


Wdv 


n, 


TP 


}M 

t52 

1 S i 

l*) 1 ) 

156 

167 

1*>H 

169 
J AO 

}&) 

166 

IbO 

1A7 


104. b 
104.6 
1 0 4 , !> 

103. 0 
1 0 ? . « 
10H. 1 
10/.0 
10 / .? 

107.4 

107.4 
3 07, 4 
1 0 / , 4 

100.1 

107.4 

107.4 
1 0 / , 4 
10/. 4 


0,045 

0,041 

0,019 

0,01b 

0,00b 

un 

0.081 

0,097 

0.07b 

0,082 

8:811 

0.034 

0,050 

0,040 

0.025 


792 
638 
553 

Ml 

1*,bl5 


b( 
120 
7 fo 7 

174 

Jtt 

359 

958 


209.6 
128.2 

51,7 

211.6 

51.1 


216.7 


7.5 
7 0 
7.0 


I'l 

1:1 

6,3 

..64 
215,8 


119.39 
116.34 
109-78 
117-01 
109.68 
U 8 . 29 
119.00 
119.94 
118.38 
119.53 
119.26 
118.83 
118.96 

iiWi 

118.88 

118.09 


103,14 

103,01 

102,81 

Iti'M 

loSiol 

103,17 

102,98 

103,14 

103.06 
102.91 
102,83 
103,08 

103.06 
103,00 
102,87 


12907 

9614 

7421 

i m 

mi 

12943 

14069 

mn 

mti 

HUS 

13635 

14184 


\ 


141 


APEEITOIX __ G 


PRESSURE DROP DATA 

fr fc J* I’ ^ J*.m* K * * %a, !<>▼ -a* V to 

O 

mass velocity, kg/m s 

man!! vapor quality ob the inlet of 

pro -evaporator J33 

maun vapor (juolity at the outlet of 
pro-evnpora tor E3 

liOoJOmrl-Mnrblnen parameter (averaged 
o v o i 1 pre-evaporator, E’3^ 

p 

hont flux, kW/m" 

bwo-plinoo Plow total pressure drop, Pa 


. 143 


PHRSfilJRh DROP DATA 


ANGLE HP INCLINATION a 90.0 


;; . wr> , 


G 


tt#av 


a/A 


A, * * s 

I ?«1 


t> 

7 

a 

9 

10 

n 

12 

1 i 
14 
lb 

1» 

t H 

19 

20 
21 

71 

23 

24 

25 
2b 

27 

28 
29 
V) 
31 

H 


758.4 

734.1 
61,5 
5b. 9 

75b ,9 
75b. 9 

741.7 
773. 6 

758.4 
753.9 
7L1.5 

750.8 
744,0 

?*?:? 

W?:Z 

veils 

753.9 
750.8 

755.4 

743.2 



749 . 

749.3 

749.3 

746.3 

752.4 
749.3 
T 5 2 . 4 
'52.4 
M7 8 
747 J 

756.9 


mil $![j 
??:§ : 


009 

005 

002 

MS 

88 ® 

004 

005 
002 
003 
005 

005 

006 
003 

003 

004 
001 


8:88f 



m 

°o°ol 

09 

09 


0.006 

;i 

8:881 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


016 

Oil 


m 

008 

006 

003 

010 

013 

013 

014 
010 
009 


,006 
,004 
012 


009 

008 

009 

00b 

005 


v * w * w A n 

881 : 


006 

m 


m 

1:1 

l’M\ 

3.786 

3,941 

8.41« 

3.67/ 

2.72/ 

2.706 

2.426 

:8fo 

I: 

IM 

:2 

hn 

I'M 

m 

r.tti 

i:wl 

?:81o 


92.9 

67.3 

I \\l 
0.0 
89:5 

31.9 
0.0 
0.0 

86.3 

92.4 

92.5 

92.6 
68.3 
b7.8 

68.3 

34.7 

35.3 
34.7 

0,0 

63.6 

31.5 
ft 0.0 

90.1 

33.9 

0.0 

91.6 

90.7 

92.0 

66.9 

65.4 

66.4 

30.2 

29.0 

28.9 

0.0 

74.7 


4378 

3748 


1655 

Ml 

ml 

3555 

3742 

3742 

3841 

4162 

4261 

4250 

3649 

3666 

3678 

3509 

3503 

3480 

3742 

3911 

3602 

3602 

3812 

3555 

3666 

4477 

4627 

4646 

Ml 

4146 

3462 

3485 

3485 

3730 

3824 


505.9 
$: 

131:3 

iff : 

514.9 

181:8 

505.9 



0,025 

° 0 '° 0 \ 9 0 

§:°o°2l 

m 

*:*« 



91.4 

68.3 

31.6 

0.0 

68 4 

31.2 

0,0 

88.3 

32.6 
o.o 

90.0 



Contd, ... 


144 


PKKflSimK l>NOP DATA 


ANGie; nF INCLINATION = 90,0 


..NO. 


5?u.9 

522.4 

519.4 
511,2 

507.4 

3il:l 

509,7 

510.4 

514. 4 

tiki 

ttkJ 

DO^'j 

i 8:1 
?l:t 
H?:i 

510.4 

gip:| 

m 


ms 


H8:l 

181:1 

III-:! 

S:j 

: 


l§?*2 

111:1 


MK 


0,002 

m 


8:811 

0*025 

8 : 81 ? 

m 


tt,«V 


V | v A U 


Mli 


8 : 8 !^ 

8:818 

m 


V « V fr *T 

8:818 


0,033 

0,025 

0.016 

olUo 

8:§ 

0^022 

8 : 8 « 


1:111 

!:!| 

i:?9o 

kill 


«?. 5 
62.2 
31.2 
b4 .6 
'U ,5 
0.0 
84,9 
31.2 
0.0 
84. t 


3263 

3074 

3491 

3135 

3135 

3001 

2954 

3258 

2844 

2780 

2931 

3485 

3432 

3462 


3560 

3520 

3404 


3036 

3135 

3065 

2832 


3456 

3083 

3410 


3322 

3275 

3299 


3380 

3351 

3550 

3550 

3550 


m 

2272 

2640 

2704 

2686 

2389 

2336 


Contd * * * * 


i 
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pur :, skunk upup data 


ANGLE np INCLINATION s 90,0 


b.NH 




' /V A 

1 0 tt,«*v 


a/A 


TPD 


103 

104 
106 
100 
107 

ton 
100 
no 
u i 
112 
1 1 1 
1H 
ns 
no 
n 7 

1 1 B 

no 

i?o 

121 

12? 

12 3 
l? 4 
125 
176 
127 

?H 
79 

10 
11 
12 

13 

14 

15 
„ 1b 
117 

« 
40 
4 

4. 

143 

144 
5 
b 


- i. 

14 


i* 7 


103.2 

383.2 

300.0 
$80. 0 

380.0 

179.1 

378*1 

3 3 ?W 

]?8:3 
i\\:t 
J?i »:i 

380.0 

379 .2 

180.0 
480. Q 


*/•■**' S ** 

lll:t 


_ .6 
0,8 
53,1 
.8 


,019 


?:o8 ? 


>49 
>48 
o ;035 
0,003 


18 

0 

? 

1 

! 

2 

3 

4 
0 


691 

x n 
0 
y 
86* 
844 
851 
08b 
074 
060 
05b 
694 
750 
800 

139 

140 

330 

990 

857 

891 

95 b 

ffl 

11 

036 


872 

87b 

f|i 

17 b 

-80 


m 


747 

9 S 

810 

852 

250 


0,608 

0.6U 

0*829 

11.042 


66,2 

, 0.0 

85.4 

65.0 

90.1 
HI. 4 

83.9 

84.2 
66,8 
b3,3 

63.1 

64.1 

34.2 

32.1 

12.2 
0.0 
0 .0 
olo 
0.0 

70.1 

34.5 

0.0 

91.9 
1?*7 

0 ,0 

,S:» 

31.7 

86.9 

85.8 

87. 1 

59.8 
60.3 

59.5 

10.7 

30.7 

30.8 
0,0 
0.0 
0,0 
0.0 

32.5 


86.0 

84,6 

64.8 

0.0 


2745 

2535 

3013 

3170 


..>575 

2622 

2657 

2365 

2342 

2354 

2354 

2278 

2190 

2172 

2955 

3462 

3462 

3462 

2669 


2453 
2406 
2424 
2482 
2324 
2253 
3083 
3235 
2435 
2447 
2476 
2289 
2301 
1330 



23' 
3474 
1480 
3480 
3480 
3310 


.31 

C ont d • • « « 



. 146 


pkk«su»m: dw>p data 


ANGLE nr INCLINATION 5 90,0 


s.wn. 


t; 


i o tt f av 


o/A 


TPD 



0 ,623 

jj.ggj 

0 . 6y 5 

°o:in 

8:$tf 

m 

?l 74* 
Q,58« 

0*56^ 

mi 

0,763 
0,770 
0.7&9 
1,500 
1,424 
I 111 
t *42iJ 

ojn 

§:l|i 

°’^04 

W|i 

1 

6 

61132 

•• m 

l:3*i 

o;S|| 

Wig 

0.51& 


b ?,8 


85.1 

64.2 


? 


88.7 

05.7 
62,1 
33,2 

0.0 


362 

385 

.438 

1304 

1304 

111 
2033 
2616 
3065 
1461 
1438 
1461 
147 3 
1286 
127 4 
1269 
1280 

1152 

ill 

1344 

1385 

mi 

mi 

1222 

1170 


99 
97 

.Si 

1309 

1274 

ia 

1239 

1175 


7 

047 


051 

1070 


Contd, . * » 
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PrtKrtRUHJ, DROP DATA 


ANGLE fiF INCLINATION = 90,0 


»S» NO , 


* . €\ 

1 0 tt,av 


<VA 


TPD 



1058 
1023 
1023 
918 
918 
1088 
1752 
2126 
1129 
1193 
1164 
1175 
91 


dll 

988 


755 
844 
819 
808 
854 
819 
907 

i» m m m * 

Contd., , , 
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o 


PKKaSURK DROP DATA 


ANGLE DF 

INCLINATION * 90.0 

i , NO . G X 

X 

X 

a ) A TPD 

I 

0 

ttr av 
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PRKSSURfc, DROP DATA 


ANGLE OF INCLINATION » 67,5 


S.MO. 


1 o tt,av 


a/A 


TPD 


1 

2 

3 

4 
b 

H 

9 

to 
1 1 
12 
t 1 
14 

its 

1 6 

u 

19 

20 

21 


750, « 

760.0 
760.0 
755,4 

755.4 
7 66,2 

750.0 

760.0 

756.9 

760.0 
,772.1 

749.3 

761.5 

756.9 
7 50,0 

768.4 

Hi:? 

760.0 

763.0 

764.5 


0,000 

0,003 

0,002 

o.oog 

0,008 

0,009 

0.003 

0,004 

0,004 

0,000 

0,001 

0.002 

0,006 

0,007 

0,008 

0.004 

0,005 

0.005 

0,002 

0,002 

0,002 


0,016 

0,009 

0.005 

8:811 

0.011 

0,010 

0.000 

0,006 

°o :88l 

0,004 
0,013 
0.014 
0,015 
0,010 
0,010 
0,011 
0,005 
0 006 
0,006 


053 
260 

ffl 

m 


3 

4 

n 


997 


y 

b 
333 
741 
899 
413 

IV 

18 

818 

539 

328 


94.5 
68,3 

34.2 

70.3 

33.5 

0.0 

90.0 

32.1 

0,0 

87.3 
b5.2 

9 3 ’.4 

8J:I 

67 it 
63,7 

1 1:1 

34.3 


4234 

3546 

3301 

3908 

3791 

3680 

3604 

3388 

3453 

mi 

379? 

3995 

4118 

3639 

3313 



3173 

lIL 

314? 
3015 
293? 
3534 
3260 
3068 
3441 
3406 
3196 
324? 
3249 
314? 
3377 
3342 
3289 
2406 
3424 
2418 
3289 
3295 
3164 
3144 
3144 
3144 
3272 
3231 

Contd, . , , 
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PKKSSII&fc LRUP DATA 


ANGLE OF INCLINATION a 67*5 


6. NO. 


t 0 ttr^v 


a/A 


TPL 


51 
5 2 
5 3 

54 

55 

56 
S? 
5H 

59 

60 
61 
62 
61 
64 
66 
66 
6 / 
6U 
60 

70 

7 1 

72 


%SS:3 

b 0 6 . 7 

507.4 

607 .4 

508.9 

507.4 

507.5 

508.9 

608.9 

507.4 
5 05, 9 

502.9 
50 7,7 
5 0 H * 2 

501.4 

504.4 

507.4 

504.4 
4B7.9 

504.4 
502.9 


8:813 

0.007 

0,007 

0.007 

0.007 

0.001 

0.001 

O.QOt 

Q . 0O2 

8:8H 

0.017 

0.011 

0.012 

0.012 

0.005 

0.006 

0,006 

0.003 

0,002 

0,002 


0,020 

0,020 

o!ou 

O.OU 

o.ou 
0,01 1 
o.ooi 
0,003 
0,003 
0,003 
0,024 
0.021 
0.019 
0.023 
0 , 01b 
0,014 
0,015 
0,013 
0,008 
0,012 
0,010 
0,007 


3:838 

2,474 

2.45b 

8:815 

m 

*.Uv 

,294 
,486 

.m 

hill 

hill 

5:693 



hl n'l 

t > 7 .9 
33.3 
3 3,4 
33.3 
3 3.2 
0.0 
0.0 
0,0 
- 9.0 

3 3 :i 

0,0 

92.2 
33,7 

0 0 

87.0 

65.3 

0.0 

88,9 

67.3 

32.0 


86,8 

89.3 

65.8 
32.6 

0,0 

69.5 

33,0 

o.o 

89.8 

66.4 
90,2 


h H 

II: 

31,6 

89,3 

86.8 


1^5 


_4 
J254 
3272 
3243 
3295 
3330 
3295 
3301 
3289 
3289 
3179 
3009 
2904 
3470 

mi 

mi 

3144 

3284 

3278 

3214 


mi 

2367 

2875 

Uhl 

2379 

2379 

111 ! 

2799 

m 

foil 



2333 


Contd, , , , 


I 
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. 1SS 


PKKSSIIPK DROP DATA 


ANGLE nF INCLINATION =67.5 




.*> . NO . 


I o tt,av 


a/A 


ra 

152 

15 i 

154 

155 
15 b 

157 

158 

159 

160 
161 
162 

16 j 


164 

165 
' 6 b 

6 / 
6 8 
69 
.70 

171 

172 
174 

174 

175 

176 

177 

178 

179 

180 
1 ft 1 
182 

m 

185 

186 


249.0 

254.0 
252.6 

252.0 
252.0 
24 b .b 
260 , H 
251,4 

250.2 
249,9 
247,8 

250.2 
250,2 


1 H 8.1 
18 8,7 
189,4 
1«9,3 
182.8 

189.3 
188,1 
189.9 

189.3 

m 


.5 


193.9 
187.? 
189,1 

90.5 

09.3 

86.9 

86.9 

12:3 

ip : 

189.4 

186.9 


0.016 

0.035 

0.036 

0,036 

0.034 

0,025 

0,025 

0.025 

: i 

0.014 

0,014 

0,014 


0,046 

0,033 

0,018 

0,045 

0,047 

0,046 

MH 

0,033 

0.018 

0,018 

0.002 

0.003 

0.002 

0,048 

8 1 0 46 

8:811 

0*034 

0.018 

0,010 

0,018 


S 


0,023 
0.051 
0,052 
0,052 
~ ,050 
.037 
0.037 
0.037 
0.038 
0,022 
0.021 

8:831 


0.069 

0.051 

0,027 

0,062 

0,056 

0,047 

0,055 

0,041 

0,034 

0,034 

0,019 

0,02 b 

0.020 

8 : 8*1 

8: o|I 

'nl 


V 

8 


8:81 

0!028 


1,204 
0,56/ 
0,555 
0.5 to 0 
0,584 
0,771 
0,781 
0,776 
0.761 
1 . 20 & 
1 297 
1.314 
1.30/ 



35.0 
87,9 

87.2 

87.1 

86.1 

63,7 

64.0 

64.0 

64.3 

32.0 

31.5 

il:? 

ii:l 

/ o ’, 4 

34.1 

0,0 

93.4 

34.6 

b §*,4 

9?:§ 

68.4 

32.8 

98.8 

B 9|3 

M 

72.0 

»:i 

36.0 


96. 
70. 

33.7 

34.0 
65,9 

31.1 

o.o 

87.8 

30.3 

0,0 

89.2 

64.4 

3?:? 


1253 
1434 
1364 
1417 
358 
20 / 
.218 
1259 
230 
.288 
1312 
312 
312 


4212 

1049 

1143 

1073 

M 

m 

1108 

962 

Us>6 

1767 

2187 

1271 

1218 

1195 

1049 

1055 

1055 

1136 

1119 

1119 



833 

792 

845 

616 

886 

985 

891 

927 

1119 

1096 


Contd, , ,, 
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o 

PRESSURE DROP DATA ANGIjE OF INCLINATION = 67,5 


m t* m ** *m * 

{■> « NH * 

G 

X 

i 

X 

0 

X 

tt,av 

a/A 

TPD 

m m ** *• *» * 

yoi 

m *«+* m •* m * 

l?5*9 

0,022 

0,035 

0,830 

33.9 

1073 


. 154 


PKKSSUUK |)Rnp DATA 


ANGLE OF INCLINATION « 46,0 


S.NO, 


7 69.1 
761 ,h 
743,2 

753.9 

74b, 1 
7*54,0 
73H.7 
760*1 
74b, 3 
74b ,3 
764.6 

758.4 

740. 5 
753.0 


743 2 

743.2 

756.9 
74b. 5 

753.9 
769.1 
766 .0 

746.3 


0,004 

0.005 

0.005 

0.006 

0,007 

0,007 

0,008 

0.003 

0,008 

0,010 

0,003 

0.005 

0.004 

0,004 

8:881 

0,006 

0,006 

m 

8 :m 

0,005 


0,007 

0,010 

0,010 

0.014 

0.015 

0,013 

0,012 

0,005 

0,015 

0.011 

0,009 

0,009 

8 : 88 ] 

MV 

0.011 

0,011 

0.015 

0,016 

0,005 

0,006 

0,006 


tt,av 

' 4 ’ 28 -i"" 

3.15b 

im 

i\°4 

I:? 

2’. l|| 

m 

1:883 

VM 

\ V %\ 

1:18 

4,411 

3.876 


30.9 
b4.0 
62,8 

tuO.O 

100.0 

67,0 

31.4 

0,0 

97.9 

0.0 

98.6 

li:l 

II 

U ,0 

62.7 

62.7 

i81:l 

§:§ 

0.0 


2824 

3209 

HU 

3967 

3559 

3623 

2725 

3588 

3180 

3122 

2771 

2655 

2824 

m \ 

3250 

3343 

18U 

2725 

2725 

2704 


W?:J 

529.9 

508.9 

111 : 


516.4 0 

513.4 0 

522.4 0 

508.9 0 

88?: 1 

510.4 0 

111:1 

508*9 0 

522.4 0 

511.9 9 

11 4tg | 

Wu § 

■ 

520.9 0 


V « w 4. *. 

8:881 


0,004 

0:012 
0.018 
0,023 
0 021 
olOlp 
0,015 
0,019 
0.015 
0 , 01 ? 
o.qj§ 

o,oi4 

0,0:0 

o:oii 

0,009 

0.007 

0,004 

0:004 

0,005 

Q * 0 I 

0,013 

0.018 

v.m 

0:023 

0,022 


0.0 

31 : 1 

0.0 

88.5 

31.7 

0,0 

89*1 

62*1 

0,0 

88.0 

St 

0.0 

o.o 

3?:i 

li:i 

62.7 

62.3 

63.3 
86,0 
85.5 


8818 

3629 

3647 

3454 

3139 

3880 

3454 

3157 

3127 

2917 

2614 

3092 

2801 

v&a 

2544 

2573 

P 

3081 

3180 


3372 

3617 

Contd, « . » 
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PKEfifiURK DROP DATA 


ANGLE OF INCLINATION =46,0 


b.NH. 

***,•*♦*»♦** 

41 


x 

i 

imiwinmh* 

0.014 


o 

'0*023' 


1*314 ' 


a/A 


TPD 


4 1 4 , 0 


85.6 


3868 


47 
43 
Hi 
4 b 
4 b 
47 
46 
40 
60 
61 
62 

63 

64 

65 

6 b 

67 

68 
64 

70 

71 

72 

73 

74 

75 
7 b 
77 
7 H 
74 
80 


81 

82 

83 

84 

85 
fib 
87 
fifi 

89 

90 

Si 

93 

94 

95 
9b 

97 

98 

99 
100 


101 

102 


4 30.0 

370.9 

375.0 

l?i:f 

illA 

391.4 
344,6 
36 \ ,5 

375.0 
3«3.2 

363.5 

395.6 

371.7 

m 

m 

384.9 

379.1 
387,4 

379.1 

379.2 
380,0 
3 8 3.2 

38^2 

37b, 


237.0 

225.1 
266.0 
260.9 
251.4 
249,0 
263. 
258. 
258. b 

im 

111 :? 
•58. b 
J4 3.0 
260.9 

i||? 


0.003 

0,003 

0,010 

8:8i§ 

m 

0,020 

8:017 

m 

0,009 
0,008 
0,01 1 
0,002 
0,002 
0 002 
0*003 
0,003 
0,010 

m 

8:81? 

0.017 

8:81S 

0,021 

0,017 

8:81? 

8:81? 

0,032 

0,022 

0.022 

0*023 

0.011 

: 

0,016 

8:8il 

m 

0.026 

S:S1I 


0.00s 

0.005 

0,016 

m 

8:8!? 
0.071 
0,031 
0,022 
0,018 
0,020 
0,018 
0*013 
0,012 
0,014 
0,011 
0,008 
0,004 
0,004 
0,016 
Ojoib 
0,016 
0.025 
0,026 
0 .02b 
0,034 
0.032 
OZ 0 *33 


0,023 

0,050 

0,042 

8:8S| 

8:8p 

0.028 

8:81? 

0,022 


0.021 
8:811 
8:811 
:0 4 43 


°0 


201.3 

125.9 


0,031 0,045 

0.054 2 i 22 -. 

• «H* ***•• ♦**•*** 


5,051 

5,294 

m 

1:111 

0,974 

1:18 

1 

?:11 

3,292 

m 

6:345 

1,809 

1.800 

| 

0.892 

0.93/ 

0.931 


l:i 


78 
77 

:i? 
8 :?§ 
2:11 
1:22 
j Hi 
1:31* 

0 # .7O7 


0.0 
0,0 
32.8 
f>l,8 
88,0 
6i ,2 

31.5 

0.0 

88.1 

31.5 

0,0 

89.4 

62.7 

31.6 

88.8 

62.0 

HU 

o.o 

0,0 

32.5 

32.6 

33.0 

61.6 

63.8 

65.5 

87.5 
8fi . 7 

87.8 


0.0 

64.6 

93.2 

63.2 

31.7 

0,0 

Shi 

ho:? 

h bl 

30 :| 

30.9 

30.8 
60.0 

50.9 
90.0 

90.2 
90 3 


2626 
2538 
2334 
‘176 


0.647 


0,359 


63.0 


2731 

2585 

2089 

12?? 

1 ??? 

2608 

2596 

2089 

2521 

301b 

2591 

2538 

2550 

2398 

2427 

2558 


>258 

2340 

2556 

3028 

2981 


1080 



. 1S6 


rRKfifiimK nnop data 


6 • NO „ 

tat *w m «t NW 

C. 


l 

X 

0 

103 

130,6 

0 

.034 

o 

0 5 6 

104 

1 / ' 1 » ft 

0 

.022 

o 

034 

,0b 

120.1 

0 

.054 

0 

078 

,06 

124. R 

0 

.052 

0 

065 

107 

10H 

131.7 

135.2 

0 

0 

,049 

.037 

0 

0 

821 

,09 

130.6 

0 

.039 

0 

050 

10 

137.5 

0 

.036 

0 

036 

1 i 

125.9 

0 

.024 

0 

057 

12 

12 3.6 

0 

,023 

0 

046 

11 } 

12 2.4 

0 

,023 

0 

026 

114 

125.9 

0 

.001 

0 

,033 

lib 

125.9 

0 

.001 

0 

,023 

lift 

125.9 

0 

.000 

0 

,012 

11 1 
118 

125,9 

178.2 

0 

0 

:IU 

0 

0 

,Q83 

,080 

119 

l?2. 

0 

.051 

0 

,083 

i?0 

116,7 

0 

.037 

0 

,061 

12 1 

125.9 

0 

,035 

0 

,058 

172 

l?b.9 

0 

,036 

0 

,060 

173 

128.2 

5 

,022 

0 

,035 

174 

128.2 

6 

,022 

0 

035 

175 

17*. 2 

0 

.025 

0 

,037 

126 

175.9 

0 

,009 

0 

,010 


ANGLK rip INCLINATION s 46.0 


tt ,av 


a/A 


TPD 



660 

864 

765 

765 

765 

823 

759 

812 

*1* 

794 

1126 

1185 

1383 

735 

724 

700 

595 

700 

700 

852 

811 

iM 
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PKK.5MIRR UR(1P DATA 


ANG14S np INCLINATION a 30,6 

TPlT 


Nil, 


0 


t WT 

o ttf*v 


o/h 


1 

A 

3 

4 
h 
6 

7 

8 

JO 
11 
1 1 
1 3 

14 

15 

16 
17 
1H 
10 
20 
?1 
?2 
?3 


7 b 1,5 

?I:i 
? 3:1 

?«:!! 

770.6 

766.3 

765.3 

776.7 

763^9 

7^7 

?«:? 

7 31.7 

Ji:3 

765.3 


00? 


„G7 

008 

008 

007 
002 
004 
004 
001 
002 
000 

881 

003 

003 

004 

m 

008 


001 


0,005 

0,009 

0.014 

8:811 

:°o! 

0,006 

0,005 

0.004 

0.003 

I'M 

0,002 

8:881 

0,009 

0,009 

0,010 

0,015 

m 

0,006 


5,795 


Ifl 


? 

4 

4 

4 

8 

7 

1 

4 

1 

3 

3 

3 

2 


73 
67 

885 

ill 
?! 
Ill 

?96 

IS 
I 

_ J? 

h\\\ 

534 


32.0 

$?:S 

m 
0,0 
87 7 
3ll9 
0,0 
42.2 
0,0 
0.0 
0,0 
0.0 
31,7 
31 3 
58l9 
57^ 

ssCe 

85.5 

84.9 

86:6 

63.9 



>272 

2350 

2829 

2123 

2111 

2076 



■v 
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PKKttflURK DROP DATA 


ANGLE np INCLINATION s 30,5 


** *#**«* w* « 

S.rin, 


fi 


i o tt,av 


0/ A 


TPD 


HI 
52 
5 } 
54 
5 b 
5h 
5 1 
58 
50 
50 
61 
fi2 

5 1 

64 

65 

66 

6 1 
6B 


391.5 

362.7 

il|:l 
ill if 

387.4 

m 

i? :5 

403,0 

im 

ill: 


0,007 
62.7 0,018 

83,2 I'M 

81 :? 8 :§? 

12:1 8:818 


1 , u 06 
0,008 
0,005 

o.o-- 

0,0 

0,0 
0,0 


7*4 


\ 

5 

o;oo$ 
0.006 
0.007 


w 

8 


: 8 ? 

:8B 

8:8fi 

8:811 

0,017 

0.006 

0,030 

0,028 

0.023 

0,024 

0,024 

0,011 

0.011 

0,011 


2,446 
' .083 

:!8i 

:?B 

1:817 

i*89j5 

0,99b 

life 

1,254 

2.463 

2,612 

2,496 


32,4 

63.1 

3 1:8 
15:1 

sW 

62.1 

0,0 

8?:J 

8$:? 

67 .8 

31.2 

30.2 
31,0 


2000 

2000 

Hi? 

Ill 

1111 

? 8?1 

mi 

mi 

mi 

list 



939 

892 

875 

III 

769 

927 

ill 

830 


Cont<3 


MM 
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PHf'fiSUHK DROP DATA 


ANGLb: HF INCLINATION s 30,5 


i. Nil . 


t; 


1 O tt»«V 


a/A 


TPD 


10 * 

ms 

in'/ 
ton 
to i 

tin 

ui 

iu 


»t,7 

IS; 

05.3 
R4 .5 
0 ‘> » 3 
94.1 
?0 1,6 
182,2 


8 


m 

i:8« 

m 

0.024 

0,015 

0,014 

0,010 


m 

0^053 

8:83! 

8:028 

0,021 

0,018 


1.610 

O^O 

8:573 

8:748 

: 

1:H* 



U:l 

67,1 

30.9 
31*2 

30.9 


113 

114 

115 

Ilf; 

17 

tH 

J3 

Vi 
l?2 
.2 3 
1?4 
1V5 
1?5 
127 
.28 
129 

15 


1 : 

!: 

„25.n 
123. 6 
129.4 
128.2 
127.1 
127.1 
1 30.6 

34.0 

35.2 

22.9 
34*0 
30,6 
. 28.2 

‘r?:! 


0,074 

0,070 

0.057 

1:1 

0.049 

0,066 

0*050 

0.042 

:°o 

8:«|1 

0,047 

3:81 
8:C 

0 : oSl 


: 

: ? 

s:U| 

8:18| 
0,546 
0*572 
0,674 
0.7 39 
0.520 
0,520 
0,663 

m 

1 : 8 ? 

25l0?2 


82.3 

88.4 
59.8 
27,7 

11:1 

31, l 


8 ^ • < 
63.: 

80.9 

84.9 

58.9 

m 

m 

V 8,3 

0.0 
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PKKSSUHK DHDP DATA 


ANGLfcl OF INCLINATION s 00,0 




tt#av 


it 1,7 
758,4 
74 7* H 
749.3 
749.3 
7 49,2 
747. H 
736. o 
M7.H 
7 39.7 
740, i 
/ 4 o , j 
/9J.9 
/bU.O 

760.Q 
75J.9 
/•SH.4 
7t>8.4 
76 3,9 

749.3 
7 47,0 
761,6 
76?,4 

768.4 


0.005 

0.003 

0.003 

0.003 

0.001 

0.005 

0,006 

0,006 

0.007 

0,003 

o.ons 

0.001 

0.001 

0.004 

0.005 

0.005 

0.002 

0,002 

0,005 

0 * 00 ? 

0,003 

0,001 

0,002 

0.002 


o.on 

0.008 

0.006 

0.006 

0,001 

0,010 

0,009 

0,007 

0,008 

0.006 

0,005 

8:881 

0.010 

0,011 

0.012 

0.007 

0,007 

0.010 

0,004 

0,006 

0.002 

0.002 

0,002 




3,121 
4.026 
4,909 
4 536 

I:« 

4,42 

4,652 

9)578 

WU 

!:“! 

m 

4.516 
12 , 45 / 
9,725 
9 67 b 


77.8 
b2,5 

34.1 
34.6 

0,0 

60.8 
0,0 
0,0 

86.3 

30.3 

0,0 

59.1 

79 *.? 

H:l 

i?:i 

t :5 

U:i 

0,0 

0.0 

0.0 


2602 

1621 

1345 

1370 

513 

2526 

2386 

2211 

1663 

1482 

1295 


2211 

2450 

3378 

1388 

1523 

2695 

776 

1493 

385 

805 

928 



I 
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t'HKiiMIHh DROP DATA 


angle of INCLINATION » 00.0° 


L.NU, 


hi 

H i 
*>4 
r >S 

b 1 
*i M 

V» 
M> 
hi 
h2 
(> \ 
Ml 
h S 
hl> 
h7 
Ml 
6v 


Hb.O 

3HO.0 

371.7 

471.7 
373.4 
17 3,4 
368, b 
371 ,H 

370.7 

170.7 
l 7 U,i 
i 7 b , 7 
3 7 b , 0 
171 ,7 
3 7 (> , 7 
37 U, 3 
37 b . 0 
37 j .4 


0,001 
0,019 
0,016 
g - 016 


0 *0O5 
0,006 
0.007 
0,018 

m 

8:$il 

Mo? 

o:°o?I 


°oH o:Sll 


M^O 

0*017 

o:o?l 


»:iU i 


0.014 

0,008 

0.020 

0,028 

0,022 

0.023 

0,022 

0,011 

0,012 

0,011 

0,002 


tt»av 

1?.4K 

:l“u 

r,642 
■ 791 
_ ,363 
2,29 b 
2,890 
' .043 

M\ 

.:!« 
2 510 
2,421 
2,520 
12.820 


ci/ A 


.0 

29^9 

0.0 

^9*9 

A:l 

60,6 

0.0 

M4.7 

82.? 

63.6 

64,0 

64,0 

I! :1 

Vo 


TPD 


648 

1313 

1219 

1120 

till 

1079 

1038 

893 

782 

1248 

1412 

1552 

\m 

939 

863 

805 

362 




162 


PJU’.’lMJnr DROP DATA 


ANGIjK uf inclination 


oo,o° 


..nil. 


c; 


» M fH m W» ** M m « 


10 3 
104 
10!» 
lOh 

10 l 

10 H 

109 

110 
It 1 


1 H 1 » u 
IRC), 4 
lV 8 ,h 
1 07 . 6 
168.2 
193,5 
1 0 B . 3 
17b, 3 


1 

0.036 

0,036 

0,036 

0,028 

0.029 

0,029 

0,013 

0,014 

0,014 


0.059 

0.059 

0.058 

0,045 

0.047 

8 : 8 8 Z 
0.022 
0,022 


tt,av 

*mm** m * 

0,53b 
0.532 
0,53b 
0.682 
0,64b 
0.64« 
1,398 
1,290 
1 298 


ci/A 


91.4 

89.9 
89.7 
66,2 
65,6 

SS :? 

33.9 

33.5 


TPD 


583 

583 

583 

437 

414 

414 

274 

321 

297 


112 
11 1 
114 
lib 
lib 
It? 

1 1 M 

Hi ! 
X V> 

?i 
24 

_2H 
127 
1?H 
129 
1 3 0 

131 

132 

133 

134 


12 8,2 
1 30,0 
1 2 3 , <t 

125.3 
1 2 b . 3 
l?b,i 
124.5 

124.8 

174.8 
121,7 
1 2b, 5 

175.9 
128.2 
I30,b 
l ? H » 8 

129.4 

130.0 

l 

l ? S :8 

188:8 



0.056 

0.036 

0,014 

0.066 

0.065 

0.063 

0.044 

0,043 

0.042 


8:81a 

8:8J 4 


_ . 55 

wt 

8:8U 

0,036 

8 : 8 » 

8:888 

0,001 


0,086 

0.059 

0.026 

m 


0.064 

k? 

0,042 

0.044 

0,035 

8:888 

8:883 

0,060 

0.059 

0.058 

lil 

0,000 

0.001 


§ 


i-.m 

•3|.j 

:3!i 

vbw 
o:9|| 
1 : 8 ! 
8: i|i 

0,36® 

0,519 

0.52b 

0.53,1 

1*225 

1:223 

86,853 


H 3 » 5 
65,8 
32.0 
68.2 

32.7 

0,0 

yo.4 

31.2 

0,0 

8:8 

. 8:8 

84.3 

81.7 

U:8 

Si:l 

31 14 

°o:°o 


437 

327 

163 

484 

362 

320 

484 

?19 

17b 

315 

251 

881 

11 ? 

315 

315 

315 

152 

152 

163 

70 

58 
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Phr*iuMU<i DROP DATA 


ANGLE nr INCLINATION s 00.0° 


Mi Ml *« '•* «• 

It * 

W 

X 

t 

X 

0 

1M 

104. 

5 

0*077 

0,115" 

15/ 

10 i< 

, 1 

0.077 

0,114 

I 1 ' l 

103. 


0,079 

0,117 

tM 

10), 

,9 

0.052 

0,000 

155 

10 J, 


0,051 

6,000 

1 *»!» 

V r i / 

10 1, 
104, 

,0 

,s 

8:Bi 

0*082 

0.033 

l^M 

104, 

.5 

0.023 

0,036 

IH'l 

10/, 

.H 

0.023 

0,036 

!<»<» 

to/, 

* H 

0.002 

0,002 

Ifit 

io;» 

• H 

0.002 

0,002 

th / 

»o ) 

.3 

0.002 

0,002 


X 

tt,f»v 

a/A 

TPD 

0,264 

85.9 

624 

0,266 

84,6 

601 

0,260 

S7.0 

624 

0,384 

63.9 

449 

0,38b 

0,374 

h 4'i 

B* 

Qj88« 

29.4 

146 

0,829 

29.5 

146 

o,soy 

28,8 

146 

8,486 

0.0 

58 

9 120 

0.0 

58 

9,81/ 

0,0 

58 
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